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PREFACE 

In writing this text the authors have tried to include in it 
only that material which really represents the essentials that 
a worker on alternating-current appliances should know and 
know well. Since the education of many of these men is 
limited to that given in the ordinary grammar school, a 
method of presentation has been adopted which, it is be- 
lieved, will enable them to grasp and retain the fundamental 
information. 

We beheve this book has these four desirable qualities: 

(1) It deals with the information and problems of alter- 
nating-current practice which an electrical worker is most 
likely to meet in his trade. 

(2) It is written in simple language. 

(3) It avoids the use of algebra and trigonometry. 

(4) It is the result of several years of experience in teach- 
ing alternating-current electricity in short intensive trade 
courses for electric wiremen at Wentworth Institute. 

It is hoped that it will be found equally well adapted to 
similar practical courses given in Trade, Industrial and 
Technical High Schools, where it is desired to impart in the 
minimum time the maximum amount of information con- 
cerning the laws and practice of alternating currents — in- 
■ formation which will be in an immediately usable form and 
' which can still serve as a substantial foundation for more 

advanced work. 
j The Butbors desire to express their appTecAa.\AQi\i \^ ^^^s., 
AHAur L. WillistoD, Principal of WenWoTtVv Iti^NaJv^:^^^', *^ 
Mr. Joseph M. Jameson, Vice Presideiit ol 0\i^^^ C0\^^^. 

m 



? 



iv PREFACE 

and to our colleagues Mr. Wallace J. Mayo and Mr. Georg« 
M. Willmarth for their assistance in developing the course 
as here outUned. Grateful acknowledgment is also ex- 
tended to Mr. Ernest S. Schuman of Wentworth Institute 
for solution of the problems and criticism of the text. 

W. H. T. 

H. H. H. 
Boston, Mass. 
Ann Arbor, Mich. 
June, 1918. 
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CHAPTER I 

MODERN SYSTEMS OF POWER TRANSMISSION 1 

In beginning the study of alternating-current electricity il 
8 desirable to get in mind the general scheme of a typical 
Jteroating-current system. It is the purpose of this chaptef 

present a bird's-eye view of such a system and to expla 

1 a general way what each part is and what it is used for. 
Ater chapters take up the various machines and devices in 
reatCT detail and explain the underlying principles upon J 

rhich they operate. 

Central Power Station. In our presen^day civiliza^ •] 
ion, some form or other of power is needed in nearly every i 
Hiilding, whether it is erected in a crowded city or in a scat- | 
i village, or even on an isolated farm. This power may ' 
e used to drive the heavy wheels of a manufacturing plant 
Or to furnish Ught to the few rooms of a cottage. In many 
instanceB the amount of power required at any one place is 
small. To illustrate: In a factory having several buildings 
scattered over a large tract of land, we find that power is 
liBed for incandescent lamps to light each floor of each one 
f the buildings; for desk fans in offices located in several 
uildings; and for are lamps to light the yard. It is also 

i for operating machine tools in the reipatt ^o^ "'^^ '^'^^ "^ 

I buildings; and for various manuiactw™?, v^r^^fts "^^ 

otter parts of the plant. Eac\i mcan4eW:eiA Xa-ia^ 



L^ 



ESSENTIALS OF ALTERNATING CURRENTS 



but j^ horse power, each desk fan needs but jV 
power and each arc lamp needs but f horse power, 
roachine tool in the repait shop requires from about \ 
power to periiaps 3 horse power, and the whole repair shop 
may require only about 20 or 25 horse power. To be sure, 
lai^e quantities of power are required for manufacturing 
purposes, but the machines to be driven are located on the 
several floors of the different buildings. 




?IG. 1. A gaa-enginc power plant. Using natural gas, this plant haa a 
capacity of 250 kv-a. The Bruce-Macbeth Co. 

Under such circumstances it would be neither practicable 
nor economical to install an engine or a water wheel at each 
lace where power is needed. The only practical plan is 
to generate in one "power station" all the power that is 
ded for the entire plant, and then to distribute this 
, power in some way to the places where it is to be used. 
Id this power station, located centrally if possible, are in- 
fit&Sed the gas or oil engines. F^. 1 shows a mqbW centoi 
^^0wer plant using gas engines to drive a i5&-^\o-wa'Vs. 
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rotor. F^. 2 shows a large central power plant of n 
inita, each of which consists of a steam lurbuie direct-coft' 

"nectfld to an alternator generating several thousand kilo 

" watts. 

2. Selecting a Method of Transmitting Power. Thf 
next problem is to delermlne the best method of distributing 1 
the power that is generated to each separate macMne where 1 
it is lo be used. 



'l^V 



I. 2, A group of steam turbo-generators. Each unit consists of S 
n tutbiiie at the bottoni and an alternating-current generator tt 
BtJ» top. The General Electric Co. 



tThere are four common ways of transmitting power to j 
siderable distances: first, mechanical means, by belts or 
rives and shafting; second, by steam under pressure 
g in mains; third, by compressed air; fourth, by elec- 
oity. Which of these four methods o? po'«ei Vxwc^scKimssa. 
k beet suited to the requirementB of a partm^M i^\w\V-w^ 
—t upon the surrounding couditions, aui oI^tv -cis^^ 
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stations have consequently become, in almost every instancey 
electric generatiag stations. 

4. Advantages of Alternating-current Electricity fot 
Central Stations. Experience has shown that large central 
plants and those having great diversity of service can be 
operated more efficiently than smaller plants or than planta 
having little diversity of service; hence there has 
continual growth in the economical size for central gener- 
ating stations. There are now examples of single stations 
capable of generating 120,000 kw.; and plans are being made 
for still larger stations. To use the machinery in sucb. 
plants to the best advantage and operate it at as steady i^ 
load as possible, longer and longer transmission hnes anj 
being planned. 

The desire to transmit electrical power as far as possibl 
with a minimum loss has resulted in the present very genert 
use of alternating-current electricity. 

The reason is simple. Electric power depends upon t' 
factors, current and voltage. We may transmit a givei 
amount of power in either of two ways. First, by means i 
a large ciurent at a low voltage; or, second, by means of 
smaller current at a correspondingly higher voltage. Th 
smaller the current used, however, the smaller will be th 
loss of power in transmission. Hence, for long-distance tram 
mi^on, in order to secure a small loss, we must use a 
current and consequently as high a voltage as is practicabl 

In the case of direct current, American engineers 
considered it undesirable to use direct current at high vol 
ages. On the other hand, alternating current may be simp] 
and inexpensively stepped up from low voltages, at whic 
it may be generated, to high voltages at which it may t 
transmitted over wires; and then it may be stepped dow 
ags/n to whatever voJtages are desired for use. The instn 
jaea£ used for doing this is called a tianaiotm«. ?>ii.'^ 
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sformer cannot be used with direct current. It is nov 
mary to generate alternating-current electricity in large 
central stations at voltages as high as 6000 volts or even 
13,000 volts, and alternating-current motors are built to 
operate on voltages as high as 13,000 volts. Beyond these 
limits it becomes troublesome to obtain suitable insulation 
between the various parts of the generator. 
Where high-voltage transmission is required it is custom- 
r to place in central stations step-up transformers which 
the voltage from that at which the current is 
erated to whatever voltage may be desired upon the 
transmission Une. This voltage may be only a few thousand 
volts or it may be as high as 100,000 or even 150,000 volts. 
Impending upon the quantity of power that is to be trans- 
1 and the distance through which it must be sent. 
I transformers are exceedingly compact and their effi- 
_ aicy may be as high as 98 or 99 per cent. They are com- 
paratively inexpensive and have no moving parts to require 
attendance. 
it is not advisable to carry the full voltage of long trans- 
Bion lines into a town on account 'of the danger of eon- 
; with buildings or trees or with other electrical con- 
Often municipal ordinances forbid it. Therefore, 
^transformer substation, situated on the outskirts of a town, 
I to step down the voltage from that used on the 
I transmission line to a voltage that is suitable for the 
distribution of current to the different consumers. Voltages 
used on such distributing systems differ very greatly accord- 
ing to circumstances. The voltage may be several thousand 
volts or it may be below 1000. A pressure of 2300 volts is 
very frequently used. A portable outdoor transformer sub- 
station is shown in Fig. 4. This station B\ip'p\i&i. ^'^c« . 
/br operating machinery during the constTUctLOii ^oiV oo. 'Coa 
:^ Angeles Aqueduct. 
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Near the points where power is consumed small trans' 
formers are used for stepping down the voltage of the current 
in the distributing system to 110 volts, 220 volts, 550 volt^ 
or to whatever other voltage may be required by the lamps 
or other apparatus. 




A portable transformer aubatation, for -[rppiri!; 
pressure from 33,000 volte to 440 volts for oijiralioft machinery 
Used in the construction work on the Lob Angeles Aqueduct. Th 
Weslinghtmse Mfg. Co. 

6. Converter Substatioas. While a very large percent 
age, perhaps from 90 to 95 per cent, of the electrical 
now generated in central stations m the United States 
generated in the form of alternating current, many appKca 
' £/oas of electrical power require direct current. ThCTefor^ 
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I direct current must usually be available from the distribute 

ing system, even though alternating current is required 
I tiaiismission. 

Fortunately several devices have been developed 
"converting" alternating current into direct current. For 
e conversion of small amounts of power, various rectifying 
rverters are used, of which the mercury-arc rectifier ia the 
BBt familiar example. Such devices are usually connected 
f the distribution line at each place where direct-current 
B to be used: for example, at the garage where direct 
mt is needed to charge storage batteries. 
Tiere large quantities of direct current are needed to 
Ripply comuiunitiea, large manufacturing plants or electric 
H^ways, converter substations are erected. These substa- 
tions contain apparatus for converting alternating current 
at the high voltage used on the transmission line into direct- 
current electricity at the lower voltage used by the app&- 
ratus of the consumer. 

This conversion of high-voltage alternating current to 
low-voltage direct current is done in two stages; the high- 
tension alternating-current power is transformed first mto 
alternating-current power of lower pressure by means of 
! step-down transformers already referred to; and then 
I lower-pressure alternating-current power is converted 
3 direct-current power at a suitable voltage by means of 
mting machines, which may be of either pf the two ftd- 
5 types: 

I Fii'st, the motor-generator converter, shown in Fig. 5, which 
insists of an alternating-current motor operated by the: 

ision line and mechanically coupled to a du^i 
rrent generator. This is the most flexible type of con- 

r ADti is adaptable to f lie greatest vanety ol wsTi^'^iaosi. ■ 
t, however, more expensive than tlie second \.^^ ^A -ra- 
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Seeondj the 6ynditoiious converter (commonly called I 
rotary converter). This type of converter, shown in FigJ 
does practically all the work of a motor-generator i 
verter. It has, however, only one armature and 
one field structure. It is correspondingly less 
It is, however, also less expensive, and usually mow 
efficient. 




Fig. 5. A coiucrli'r ^uljatation containing motor-generator ci 
tor the purpose ot converting the alternating-current power t< 
current power to be used by lQComotiv€ 



n the Detroit Tunnel. 



6. Alternating-current System for Short Transmissions 

Requiring no Step-up Transformers. An old empirical r 

which gives satisfactory results within reasonable lim 

states that the proper transmission-line pressure should t 

^bout 1000 volts for each mile in length oi t\v*j Xinc-, Iot' 

^si^ce, 2300_ volts may well be usedJfl_iTatisimt cvn- 
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pithia a radius of about two inilea from the central 

I many stations ' 6600 volts, or 6900 volts, has been 




A converter substation containing aynchrono 
i that no separate motor ia required to drive such a coaverter. 
eral Electric Co. 

_h1 as a satisfactory terminal preaaure of the gpnera- 
I When transmitting power not over &.'!& ot ko. toiKa, 
i the lines may readily be ted dwe&VVj Itam. 'vfea 
eorjrom the bus-bars on ths. maiu oti\\^^^ 
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to which a number of generators in parallel deliver theol 
output. , 

When lines are operated at a pressure not greater than 
this, step-up transformers and transformer substations are 
usually considered unnecessary, and the small distributing 
transformers, which supply the various services of individual 
consumers, are attached directly to the transmission line. A 
typical example of such an alternating-current distributing 
system is shown in Fig. 7. This represents the usual three 
phase installation using three wires for each circuit. 
"A" The main generator A is connected directly to tb.< 
three-phase transmission line. The alternating-cur 
rent generator must have its field magnets excited 
from a separate source of direct current, usually frooc 
a small compound-wound direct-current generato: 
driven from an independent source (in this instance 
by a belt on the pulley X). 
"B" A three-wire three-phase transmission line is rep- 
resented in the figure by the three lines B, B, B. Tc 
the transmission line is attached the following 
service equipment. 
"C" A three-phase alternating-current synchronous 
motor or induction motor wound to operate properly 
at the full line voltage. The motor load is not 
shown, but it may be either a mechanical or an elec- 
trical machine. 
"D'' A number of single-phase transformers connected 
to the three-phase transmission line, stepping down 
the voltage to a value suitable for small three-phase 
motors and incandescent lamps. 
"E" " A tub transformer " or a " constant-current 
transformer" connected to a series-arc or series- 
tungsten lamp circuit such as is usually employed 
lor street li^^ting. This traosfornier takes powec 
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from ODe phase of the three-phase line as a variabl* 
current at constant voltage. It delivers power to the 
series-lamp circuit as a constant alternating current - 
at a variable voltage depending upon the resistance 
of the lamp circuit. If the lamps are of the type that 
demands direct current, a mercury-arc rectifier may 
be combined with the tub transformer, thus convert- 
ing constant alternating current into constant direct 
current. 

A single-phase distributing transformer connected 
to one phase of the three-phase transmission Une« 
A three-wire constant- voltage lamp circuit is showi 
connected to the terminals of the low-tension coilB-J 
Lighting is always done on a single phase. YariouS' J 
lighting circuits are so connected to the "transmiBsion-l 

3 wires that the three phases of the transmisaionT 
line are as nearly equally loaded, or balanced, 



A set of three single^phaae transformers stepping ■! 
down the voltage to a value suitable for the low- 
voltage synchronous converter Y which is being used 
to convert the three-phase alternating current into di- 
rect current for distribution on a three-wire hghtingi 
and power system. 
7. Alteraating-cunent Systems for Long-distance Trans- 
mission where Step-up Transformers are Reqiiired. 
Where the transmission of electric power must be made to 
distances greater than about five or six miles or at voltages 
higher than from 6600 to 13,000 volts, the system is usually 
increased by the addition of step-up or central-station trans- 
formers and also transformer substations. A typical long- 
■ystem oi this type is illustrated diagramniatica% 
This includes the following priivdva.\ \\ema ol 
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ft(*. M. Fig. U shows a commercial bell-ringing traDHfonner~| 
1'Kth tliree secondary voltages. Make a sketch aimilar to Fig. 10 1 
LlfiQinagthe wiudinge acd counGCtions to binding poate. 




Exterior appearance of bell-ringing trtinstormer, having three 
different secondary voltages XY, YZ, acid ZX. 

?rob. 4-2. If tlic primary winding of thi- transformer in Fig, 11 
tSlO tmus, bow many turns are there between: 
T (q) X and r? 
' (6) F and Z? 
(fi) X ajid Z? 

Prob. 6-a. Bells are usually operated on 6 volts, door-openere j 
}n 14 volts, and ringing circuits of intercommunicating telephones | 
m 20 volts. Draw a diagram showing the following three systems 1 
lected to one transformer like that of Fig. 11, having secondaiy-: 
■, 14 and 20 volts. ~r,'-f J-'-ir^ j^ 

' <I) Belts in three rooms. ^j -"--— "^ ^ 

\ (2) Door-openers in three rooms. ' 

I ^3) Interconmiunicating telephone-ringing circuit in three 



9. What is Meant by the Terms Frequency and Cycle. 
The bell usually operated by the cuirent from transformers is 
of the type called "single stroke." This bell, when used on 
rect current, as in Fig. 12, gives but one stroke each time 
^ circuit is completed. When the button P is pushed, the 
' sends a current through the coUs o^ \kt; A'fa'w^ 
The magnetic attraction tl^ua set u'? &swn% "^^ 
Annature IC over toward the magnet, t\ie c\a\i?CT C V\\^\^^ 
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i 

i 

"A" A main central-station generator generating three- ^ 

phase alternating current at a voltage of between "j 

' 6000 and 13,000 volts. 

"B" A set of step-up or station transformers so con- 
nected to the main generator as to raise the pressure 
of the alternating current to the value required on 
the transmission Une. 

"C" A three-wire three-phase transmission Une C, C, C. " 

"D" A transformer substation consisting of three single- 
phase transformers connected to the three-phase 
high-tension transmission Une. These transformers 
supply current to a set of three three-phase distribu- 
tion wires E, E, E, at a voltage of perhaps 2300 volts 
between any two wires or across any one phase. 

«F" A variety of apparatus may be connected to the 
distributing system E, E, E, either through small 
transformers or directly to the Une. The figure 
shows a smaH three-phase induction motor operated 
through transformers at a voltage of 230 volts, a 
system of incandescent lamps at a voltage of 115 ] 
volts, a larger motor operating directly on the distril> J 
uting Une at 2300 volts, and a three-wire alternat- 
ing-current incandescent Ughting system operating 
at 115-230 volts through a smaU transformer. 

"G'' A converter substation consisting of two distinct ij 
parts; first, step-down transformers used for reducing ■ 
the pressure from the high-tension transmission Une 
to a value suitable to drive a synchronous converter; 
second, a synchronous converter changing alternat- 
ing-current to direct-current electricity. 

In this case the direct-current output of the con- 
verter substation is used for operating a suburban 
railway. It might also be distributed t^ «b to^m lot 
a great variety of purposes. 



SUMMARY OF CHAPTER I 

I is obtained from coal, oil and water, by the use of 
me movers in the form of steam engines, gas engines and 

r wheels. 

CENTRAL POWER STATIONS are estabUshed because it 
is inefficient to place a prime mover at each place where a smsU 
unouot of power is required. 

CENTRAL STATIONS ARE ELECTRICAL because elec- 
trical power can be transmitted more cheaply and more con- 
veniently and turned to a greater number of uses than any 
other form. 

THE LOCATION of these power stations is i 
center of the region to be served as possible. Water wheels, 
however, must be located near the waterfall. 
ALTERNATING CURRENT is generated by these central 
tattoos because remarkably efficient machinery has been de- 
ised for "stepping up" the voltage and getting the great 
, Wantage of transmitting at high voltage. The same machine^ J 
I transformer, " steps down " the voltage, allowing it to be^ 
Bed at a low pressure. Transformers will not operate ( 
Irect current. 

'■ CONVERTER SUBSTATIONS are placed at points along! 
|be transmission line where a large amount of direct current^ 
I needed, and synchronous converters or motor-geoeralonl 
Ure installed which change the alternating current to direcM 
rrent. For converting a small amount of alternating-current 1 
' to direct-current, a mercury-arc rectifier is generally 

[ ■TRANSFORMER SUBSTATIONS are erected wherever it 
[ desirable to step down from the transmission voltage of 
^tween 22,000 and 140,000 volts to a city circuit usually of 
ibout 2300 volts, for the sake of greater safety to human life, 
mediate points where the power is to be used, small 
kdividual transformers change this 2300 volts to the 500, 220 

raits desired. 
^HORT TRANSMISSION SYSTEMS \m ttMism«emfc 

- r miles or less consist of an altetna^nfe-tunetiS. i{^^- 
"" 17 
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The curve shown in Fig. 14 is often used to represent 
alternating current. At the instant marked 1 the current i 
zero, at the instant marked 2, it has the value in one directioiB. 
denoted by the line a, in this case 2 amperes; at 3 it has 
again become zero, while at 4 it has the value 6, or 2 amperes 
in the opposite direction but equal to a; at 5 it has onc» 
more become zero and has completed the cycle. The loop» 
above the zero line represent the values of the current at 
different instants when it is flowing in one direction. The 
loops below the line represent the values at the instants 
when it is flowing in the opposite direction. The values at 
6, 6, 7, 8 and 9, merely show that the current goes throu^ 



Fig. 14. Alteraating-current wave, showing how the current varies 

in strength and in direction with time. 

the same set of values during the next cycle. Note that in 
each cycle the current has two instants when it is zero and 
two other instants when it is a maximimi value, though 
these values are in opposite directions. 

Let us now see how this alternating current acts in a trans- 
former to cut down the voltage from 114 to 6 volts. 

11. How a Transformer Changes the Voltage. Induction. 
The following experiment may easily be tried. Attach a 
wire to the terminals of a low-reading voltmeter (millivolt- 
meter) and move the wire suddenly across the end of a strong 
bar magnet, as shown in Fig. 15. The voltmeter will indicate 
that a voltage is induced in the wire which causes a current 
to Sow along the wire. If we now move the wire in the oppo- 



CHAPTER n 

TRANSFORMERS. FUNDAMENTAL IDEAS 

One of the advant^es of the use of alternating current ia 
the ability to use the lighting and power circuit for operating 
bells, buzzers, door openers, and 
the like. By means of a small 
device called a bell-ringing trans- 
former, the 114 volts of the light- 
ing circuit are stepped down to 
the 4, 8 or 12 volts necessary for 
ringing bells and operating buzzers, 
door openers and similar devices. 
Fig. 9 shows the appearance__of 




Fia 



.^. .. Bell-Tinging trsns- 
fonner. The primary ter- 
minals A, B take power 
from the higher-voltage 
mains, while the secondary 
terminab x, y deliver a 
lower voltage to bells, buz- 
sers, or door openers. 




Fio. 10. Interior a 

traDBformer in Fig. ( 



one type of these transformers. The terminals marked A 
and B, called the primary terminals, are connected through 
fuses ,to the lighting circuit. The voltage between terminalB 
X and y (the seconday terminals) will he 6 "voV^a -wVeo. *&» 
^pmiDtay voltage is 114 volts. 

19 
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end of the magnet and go into the other end. As both ends 
look exactly alike, we cannot tell from which end the lines 
are coming out and which they are going into, except hy 
the use of the compass. If we place a compass near one 
end of a mt^net and its North points away from that end, 
we say that end of the magnet is the North pole, and that 
the lines coming out of this north pole push the compass 
around so that it points away from the porth pole. Simi- 
larly, the lines going into the South pole pull the contpass 
around so that it points toward the south pole. Thus we 
say that: 

The north pole of any magnet is the place where the magnetic 
lines come out, and the south pole is any place where the lines 
enter the magnet. 




Plo. 17. Uagram of magnetic hnea of force in and about a, bar 



The lines, then, run through the magnet from the south 
pole to the north pole, out of the north pole, through the air, 
and enter the south pole again, making a complete loop. 
The place occupied by these lines, and around them is called 
the magnetic field. Fig. 17 is a diagram of the magneljc 
paths of a bar ma^et. Strictly speaking, a magnetic field 
is simply a space where force is exerted upon any magn^ 
which may be put there, and it includes all the space around 
the magnet, not merely the place where the lines are drawn. 
The lines are drawn merely to represent the field ; we make 
the direction of the lines indicate the ditection of the forc^ 
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and the closeness and number of the lines indicate the 
amount of the force that would be exerted upon a standard 
magnet. 

The wire in Fig. 15 when ihoved cuts these magnetic lines 
of force. When the lines are cut in one direction, a voltage 
is induced in the wire which tends to cause an electric current 
to flow in a direction as marked. If the magnetic lines are 
cut in the opposite direction, the voltage set up is in the 
opposite direction. It is immaterial whether we move the 
wire across the magnetic lines, or move the magnetic lines 
across the wire. As long as the lines are being cut by the 
wire, a voltage is induced in the wire. It will be remembered 
that this principle is made use of in electric generators. A 
voltage is set up in the wires on the armature, by causing the 
armature or the field to revolve in such a way that the wires 
on the armature cut the magnetic lines of the field. When 
the motion or the cutting ceases, the voltage in the armature 
coils dies out. Similarly, when a wire is held motionless at 
the end of a magnet, no voltage is set up. It is only when 
either the wire or the magnet moves so that the magnetic 
lines cut the wire, that a voltage is set up in the wire. 

Then what is really induced is voltage, not current, be- 
cause when the circuit is open and no current can flow, the 
voltage is still there between the terminals of the wire which 
is cutting magnetic lines (or magnetic "flux")- 

One rule for finding the direction of the induced voltage is 
as follows: 

Extend the THUMB, FOREFINGER and MIDDLE FINGER of 

the RIGHT hand at right angles to one another. Let the 
THUMB point in the direction of the motion, the FOREFINGER 
in the direction of the magnetic lines, then the MIDDLE 
FINGER will be pointing in the direction, ot t\i.^ VdAuc^^ ^^Xasy^* 

The band in Fig. 18 shows the app\icat\OTi ol ^Ckl^ ToSa \5: 
He ease of the wire being moved up. 
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■Prob. 8-2. If the wire AB in Fig. 19 is moving down acrosa the 
nu^netic lines, in which direction will a voltage be set up, from A to 
B or from B to A? 




Fig. 18. Right-hand rule Fia. 
for induced voltage. 

12. The Magnetic Field Due to an Electric Current in 
a Coil. Most magnetic fields, however, are not those of a 
bar magnet, but are made by sending an electric current 
through a coil of wire. When the wire carrying the electric 
current is straight, a magnetic field is produced which is 
circular, with the wire at the center of the circles representing 
lines of force. If a North pole could be detached from its 
South pole and placed near the wire, it would whirl around 
and around the wire in a circle. 




Tia. 20. Magnetic field about a stmght wire carrying a current of 
electricity. Field is circular, not spiral. 

A compass needle (which is merely a small magnet with 
both North and South poles) would not be moved along 
bodily, but would be twisted around until it became parallel 
or tajigent to the circular lines of mf^netic force. If th« . 
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^( current in the wire is reversed, the North pole would still 
{ ,1 whirl around the wire, but iu the opposite direction, showing 
: that the field waa of the same shape but opposite in direo 
I tioo; the compass needle would be swung around until it 
/' pointed in the direction exactly opposite. Fig, 20 shows 
/' this circular field about a straight wire. 

If now we look along the wire in the direction in which the 

I current is Bowing, the magnetic field is whirling around the 

: wire in the direction we would turn down a right-hand screw. 

Notice in particular that these whirls are not spirals but are 





Flo. 21. Fidd about a straight Fig. 22. Field about a wire; end 
wire; end view. view; current reversed from Fig. 21. 

circles. As we gradually increase the current in the wire, 
these circles gradually widen out, just as the ripples on the 
surface of water widen out around the spot where a stone 
has been dropped in. If we now decrease the current, these 
circles will contract until, when we shut the current off, they 
disappear entirely. Fig. 21 shows a cross-section of the 
wire and magnetic field, and represents the way the field 
would appear if we looked at the end of the wire with the 
current going away from us. In Fig. 22 the current is 
reversed. Notice that the field is also reversed in direc- 
tion. . 
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face of the loop and all come out of the opposite 



If we place several loopa together into a loose coil as in 
F^. 27, most of the hnes will thread the whole coil. If we 




Fia. 27. Field inude and outside a loose coil canying a current. 

make a close coil, practically all the lines will thread the 
whole coil, and return outside the coil to the other end. 

The reason that practically no hnes of force encircle the 
separate loops of a closely wound coil, but all thread the 
entire coil, is explained by referring to Fig, 28, This draw- 
ing represents an enlai^ed longi- 
tudinal section of the coil in 
Fig. 27. The current eoteriui 
the ends of half-loop at A, S 
and C, comes out again at D, 
E and F. If the turns AD 
and BE were pushed nearer one 
another, the field on the right 
side of A (being in the opposite 
direction) would neutraUze the 
field on the left side of B. The 
space between the wires A and B would thus be neutral, or 
free of lines of force. The lines now would be compelled 
to continue on through the whole length of the coil, and 
would not slip into the spaces between the loops and en- 
circle each wire with a separate field. 




Fia. 28. Longitudinal cri 
section of coil in Fig. 27. 
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We thus have the same shaped field as in and about a bar 
magnet; one end of the coil being a North pole, since all the 
lines come out of it, and the other end a South pole, since all 
the lines enter it. It must be kept in mind, however, that 
the whole field starts from small circles formed aroimd each 
wire through which current flows. These circles spread into 
the field of Fig. 27 when the current becomes great enough. 




Fia. 29. Magnetic field of a *' solenoid " coil carrying an electric current. 

15* Electromagnets. Thus it is not necessary for the 
magnet in Fig. 15 to be a bar magnet. It may be, and 




" ^G. 30. Fingers of right hand point in the direction of the electric cur- 
rent; thumb points in the direction of the north pole of the coil. 

^generally is, an electromagnet. Consider Fig. 29 and 31. 
"When an electric current is sent through these coils, a mag- 
3aetic field is created, the direction of which depends upon 
\he direction of the electric current in the coife* TV^fc Tv^Na 
for this direction is as follows: 
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Grasp the coil with the right hand as in Fig. 30 and 32, so that 
the fingers point in the direction of the electric current, and the 
thumb points in the direction of the North pole. 




Fig. 31. Reversed current flowing in coil of Fig. 29. Note that mag- 
netic lines and poles also are reversed. 

Note that the field of such an electromagnet is exactly like 
the field of a bar magnet. If we want a stronger magnetic 
field, we can either send a larger current through the turns of 
wire around the bar, or keep the same ciu*rent flowing, but 




1 

Fig. 32. Right-hand rule of Fig. 30 applied to the reversed ourrent'of 

Fig. 31. 

wind on more ^* turns.*' The product of the amperes times 

the turns is called the ampere-turns, and determines the 

magnetizing force of the coil. If a weak magnet is required^ 

oufy' a few awpere-tums are used per incYi \e!i^3ti oil wA, wdi 
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I no iron core is inserted. For a strong magnet, a large num- 
r ber of ampere-turns to the inch are wound on an annealed 
steel or iron core. To form a permanent magnet, we have 
merely to insert a bar of glass-hard steel and turn on the 
current for a few seconds. When the current is tiu*ned off 
, and the bar taken out, it will be found to retain a large share 
of its magnetism for a long time. 

Prob. 9-2. Draw internal and external magnetic field for iron 
core with electric current flowing around it as indicated in Fig. 33. 
Prob. 10-2. Draw field between coils A and B, in Fig. 34. 




Fig. 34. 

16. Transformers Merely Electromagnets. Trans- 
formers merely take advantage of the two principles: 

(a) A coil of wire canying an electric current constitutes 
a miignet. 

(5) When a wire is cut by magnetic lines of force a voltage 
is set up in the wire. 

We have seen that a transformer consists of two coils 
woimd on an iron core. Suppose we consider two coils as 
in Fig. 35. A current is turned into the outside coil B, and 
immediately rings of magnetic flux form around the coil as 
in Fig. 27 and 28. As the current grows stronger these rings 
spread out cutting the wires of coil A, the inside one. Tbi^ 
would be indicated by the voltmeter wbich. 'WO\i\!\ ^cr« ^ 
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deflection as long as the current in coil B is growing, altb*^*^ 
there is absolutely no electrical connection between coi' - 
and coil B. The voltage in coil A is set up merely by *^ 
magnetic lines around the wires in coil B cutting the v*^^*^^ 
of coil A, just as a current ^^ 
set up in the wire passed acr"*' 
the face of a bar magnet (^F* 
15) As soon as the current ij 
coil B reaches its full value S*"* 
flows steadily, then the currs" 
m coil A dies out, although cO" 
B remains an electromagnet 

If now we break the curre*** 
m coil B ■i current in coil A J* 
set up m the opposite directiM>» 
as shown by the deflection w 
the voltmeter needle in the op- 
posite direction This current 
in coil A IS caused by the ma^ 
netic whirls about the wires ti 

[G 3o Any change of current ^Oll B contracting and thw 
in coll B induces in coil A a again cutting across the WlMB 
voltage, which would tend to of coil A, only, of course, m Uu 
oppose the change m B if it opposite direction As soon U \ 
the current in coil B ceases to 
flow, the current in coil A abo 




e allowed to produce a ci 



Note that the current in coU A is only momentary. It 
flows only while there is a change in the current of coil B. 

The production of voltage in the inner coil A can be under- 
stood better by considering Fig. 36. As a current is sent into 
coil B the magnetic 6eld starts around each turn of coil B. 
These magnetic fields all join together and sweep inward 
jaemss the wires of coil .4. As this field sweeps a^toea tha 
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ii wires of coil A, of course a voltage is induced in each turn of 
J the coil. If 1 volt is induced in each turn and there are 1000 
t)i turns, then the voltage across the terminals of coil A is 1000 
volts. It is on this principle that induction coils are made. 
Coil B is generally made of 
ifij comparatively heavy wire and 
iB of enough turns to produce a 
d:| strong magnetic field v^hen a 
i current is sent through it. Coil 
^ A consists of a large number of 
( turns of finer wire. 'The center 

of the coil is generally filled 

with soft iron wires to produce 

a stronger magnetic field. 
When a current is sent into 

coil B the growing magnetic ^iq, 36. Induction coil with 
field sweeps across the turns of vibrating-contact interrupter. 

coil A and produces a voltage 
in each turn. As there are 
usually a large number of turns 
in the coil, a high total voltage 
s induced. But the magnetism 
►f the core is also allowed to pull over a vibrator i?^ as in a bell ; 
his motion of the vibrator breaks the current in coil B and 
!ie dying magnetic field again sweeps across the wires of coil 
. (this time in the opposite direction), and sets up a voltage 
I the opposite direction in coil A. When the magnetic field 
IS died out of the coils, the spring brings the vibrator back 
) that a contact is made at G and it allows the ciu*rent to 
ish again into coil B and again to set up the magnetic field 
hich again generates a voltage in coil A. This action takes 
ace many times a second, depending upon the rapidity of 
le motion of the vibrator. The current in coil B ia a dk^Q.t» 
mrent but is not continuous because we makft dtxA\yL^«i2B.S^ 



An intermittent direct current 
in the primary (outer) coil is 
used to induce a high alternat- 
ing voltage in the secondary 
(inner) coil. 
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continually by the vibrator in order to keep the magnetic-' 
field sweeping back and forth across the wires of coU A. 

But if an alternating current is sent into coil B, it does not 
have to be interrupted in order to produce a rising and f aUiog 
magnetic field. We have seen (from Fig. 14) that an alter- 
nating current not only grows to its greatest value and dies 
out to zero but it also reverses its direction, many times a 
second. Thus, if an alternating current flows in coil By the 
field (1) grows in one direction, (2) dies out, and (3) grows in 
the opposite direction, and finally (4) dies out again only to 
repeat the cycle, over and over, many times a second. A 
strong magnetic field is therefore continually sweeping acrofl^ 
the wires of coil A inducing a voltage in this coil every time 
it cuts the wires. 

As we have seen, a transformer is not usually allowed to 
send magnetic lines through the air, but a path of iron or 
annealed steel is usually provided all aroimd the coil as is 
shown in Fig. 9 and 10. 

17. Primary and Secondary Coils. The coil to which 
the power is supplied is called the primary coil of the trans- 
former. The coil from which power is taken is called the 
secondary coil of the transformer. Thus if a transformer is 
used to step down the pressure from 110 volts to 6 volts, the 
110-volt coil which receives power is called the primary and 
the 6-volt coil which gives out is called the secondary. On 
the other hand, if a transformer is used to step power up from 
6 volts to 110 volts, the 6-volt coil is the primary and the 
110-volt coil the secondary. To avoid mistake, it is usually 
better to speak of the high-voltage or high-tension coil and 
of the low-voltage or low-tension coil. 

We have seen that in order to have a higher voltage acrosB 
the secondary coil than across the primary coil, it is necessary 
merely to wind the secondary with more turns than the 
primary. This is because, in a well-designed and well- 
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constructed transformer, the voltage induced in each turn 
of the secondary is practically equal to the voltage in each 
5 j turn of the primary. 

Suppose we have a transformer with a single turn in the 
j+J primary, and only one turn in the secondary. If one volt 
n4 is impressed on the one turn of the primary coil, enough 
:v; i cmrent will flow and enough magnetic flux will be produced 
to generate very nearly one volt in the single turn of the 
secondary. If we wind the secondary with two turns and 
.. keep the same pressure (one volt per turn) on the primary, 
I then two volts pressure will be set up between secondary 
jv terminals, or one volt per turn, the same as in the primary, 
p If we wind the primary with 200 turns and the secondary 
I with 10 turns, and impress 100 volts upon the primary ter- 
minals, then we shall have enough magnetic flux produced to 
give one-half volt in each turn of both primary and second- 
ary, and five volts will be produced between secondary 
tenninals. This will be explained more fully in Chapter III. 
18. Power Transformers. It was the development of 
an economical power transformer that has led American 
electrical engineers to use alternating instead of direct 
current where large quantities of power are to be transmitted 
over considerable distances. 

Electric power consists of two factors — voltage and cur- 
rent — the power in watts being the product of the voltage 
times the current. For a given amount of power, the higher 
the voltage is, the less the current must be. Thus 1100 watts 
may be produced by 110 volts and 10 amperes or 1100 volts 
and only 1 ampere, or any combination of voltage and current 
the product of which equals 1100. 

Since the amoimt of current determines the size of the wire 
necessary to be used, a wire intended to transmit 1100 watts 
at 110 volts iand 10 amperes would need to be about 10 times 
as heavy as another wire to transmit the same po'^et ^\» W^ 
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Ms and 1 ampere. That ia, to transmit power over con- 
Ideiable distaDces, it is necessary to use high voltages and 
BaQ currents. Transmission lines designed to be operated 
t[aesBures as high as 150,000 volts are in use at the present 
be. When electric power from a Une using any very high 
i^age is to be supplied to a town, it is customary to erect 
transformer substation just outside the town and to step 
Ik voltage down from the very high values to some lower 
ahie, usually about 2300 volts, for distribution about the 





Flo. 37a, Fig. 37b. 

wn. This voltage is less hkely to injure hfe and property 
the district. Fig. 37 shows such a substation receiving 
gh-voltage wires and sending out medium-voltage wires to 
atributing transformers, D. 
19. Distributing Transformers. But 2300 volts is much 

high for most commercial uses; 220 and 110 volts is the 
'essure required for the great mass of electrical appliances, 
;eh as motors and lamps. Accordingly, the 2300-volt wires 
e run through the streets, and wherever power is desired 
small distributing transformer is set up on one of the poles, 

1 shows in Fig. 37. The primary coils ol ttus VcasiAcffoisit 
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are attached to the 2300-volt wires, and leads from 

or 220-volt secondary coHb are brought into the 

factory. The high-voltage terminals 

are usually connected to the high- 

Toltf^ lines through fused cut-outs, 

eimilar to those shown in Fig. 37a 

and 37b. 

Fig. 3S is an illustration of such a 
distributing transformer. The leads 
marked P are the primary leads and 
are connected through single-pole pri- 
mary fuses F, F to the high-voltage 
wires as shown for the distributing 
transformer on the pole in Fig, 37. 
The construc- 
tion of the trans- 
former is shown 
in Fig. 39 and 






Fig. 39. Transformer 
of Fig. 38, removed 
fiom its (h1 tank. 



FiQ 40 Tranaformf 
showing form and 
ition ot iron core (s 
coila of prmiary aw 
in a representati' 
construction. 



40. The magnetic circuit consists of an iron s 
upt^a central i^, around which the coils are v 
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our outside legs. This gives a magnetic path through the 
enter of the coils, and four paths by which the magnetic 
nes return to the other end of the central leg. This mag- 
etic circuit is composed of thin sheets of annealed steel, 
be primary coils are insulated from the secondary coils by 
tica •shields, as shown in the diagram of Fig. 40. These 
lidds prevent the high voltage of the primary coils from 
iincturing the insulation and sending into the secondary 





Low- 

rension 

CoiU 



SECTION A-A 



Fig. 42. Core type of 
transformer. 



3. 41. Care4ype transformer in 
^hich the iron is mostly surrounded 
>y coilsy instead of having coils 
Qostly surrounded by core as in 
i^g. 39. Wagner Elect, Mfg. Co. 



3uit a high voltage which would be dangerous to life. * The 
Is and core are placed in a tank filled with transil oil. 
e oil carries away the heat generated in the coils and core 
i prevents the whole apparatus from becoming hot. It 
aids in the insulation. This construction is called the 
in type. 

Pig. 41 shows the other common form oi diBfcnfe\\^I\TL%^^ 
ueiv, — the core type. Note that the coCia sit^i ^OfvoA «^ 
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two le^ which are joined top and bottom. Fig. 
the relative position of the core and the coils. 

20. Arrangement of Coils in Transformers, 
distributing transformers the primary circuit is di^ 
two coila of an equal number of turns and the seco: 
likewise is divided into two coils of an equal numbc 
as in Fig. 43. All four terminals of the secondai 
voltage coils are usually brought out as x, y, xx, ; 





^ 
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'Fia, 43. High-tenBion coils are marked A, B and low-te 
X, y, as reccHnmended by Standardization Rules of the . 
Elect. £kigrs. 



43, which correspond to the four terminals lab 
Fig. 38. Any connections between the two low-vo 
are then made on the outside of the case by mean 
leads. Only two terminals of the high-voltage 
generally brought outside of the case, ss A and B 
and P in Fig. 38. The connections between the 
voltage coils are made inside the case, by means ol 
and studs, R, S, T, i7 and V of Fig. 4a. 



I 
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Fia. 44. Terminal block 
with links for chon^ng 
connections between 
high-tension coils from 
series to parallel. General 
Ekctne Co. (see "Fig. 39). 



sikj In the transformer of Fig. 38 and 39, the high-voltf^ 
■ terminal block has the appearance of that ahowo in Fig. 44. 
■^ lie pmnary leads A and B coming 
>(j i to the outside are connected to studs 
,iv| fl and V. Coil 3 is connected to 
,fd . stods R and V; coil 4 to studs S 
on «ld V. By connecting the li nks as 
of;. ahowninPig. 43 and 44, thepnmary 
coils 3 and 4 are put in series. By 
' swiEging one link between S and R 
and the other between IJ and V, the 
pranary coils 3 and 4 are put in par- 
allel. To connect the low-voltage 
'^ in series, terminal y is joined 
, toit. To put the low-voltage coils 
i tQ parallel, terminal x is joined to 
( K, and y to 1/1/. 

Prob. 11-2. The high-voltage coils of Fig. 38 are each built to 
I operate on 1150 volts. It is desired to draw the greatest possible 
I "Utiait from the low-tension terminals, the voltage between the 
'Wnioals of the high-tension line being 2300 volts. Show by a dia- 
gmm similar to Fig. 43 and 44 how the connections should be made. 
Prob. 18-a. Show what connections should be made if the trans- 
■fofm»of Fig. 38, Prob. 11-2, is to operate on 1150 volts, high volt- 
age and deliver 230 volts, the largest permissible low voltage. 

Prob. 13-3. If terminal x of transformer Fig. 43, is joined to 
ts, and the links on the high-voltage blocks are as in Fig. 43, what 
voltage will there be across the low-voltage wires coming from the 
terminals y, yyf Assume that the proper voltage is impressed across 
each primary coil as in Prob. 11-2. 

Prob. 14-2. If each primary coil of the transformer in Prob. 12-2 
has 1200 turns, how many turns must there be in each secondary 
con? 

31. Groonded Secondaries. Since there is always some 
danger that (Ae Jow-voJtage secondary ■w\Tea ■m«5 ^"^ "■w**^ 
etxtaet mtb the bigb-voltof^ primariea, eVtiiei wrtaft*- <si 
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Ground 



ingide of the transformer, the neutral lead of the secondary 
. coil is always grounded. Fig. 45 shows the neutral point of 

the secondary tapped at point 
P and brought to the ground. 
This is usually done inside the 
building which is supplied with 
power by the transformer. 
A tap from the neutral wire 
connects to the water pipe in 
the cellar. When it is neces- 
sary to ground the wire out- 
side the building, a galvanized 
iron pipe is usually driven 
about 8 ft. into the ground 

„ .e o J • ^ J and the neutral wire is cod- 

Fig. 45. Secondaries connected j • a 

in series and tapped to a three- nected to it. A good eloo- 

wire (single-phase) low-tension trical connection must always 

system. Neutral wire should be be used to ground, either a 

thoroughly grounded as protec- soldered connection or a special 
tion to life. , , . , . 

ground-clamp. A corroded or 

broken ground connection is worse than none. The grounding 

of the neutral point of the secondary makes it impossible, 

except imder extraordinary conditions, for more than normal 

voltage to exist between the ground and any part of the loi^ 

voltage system. For instance, in a system installed as ia 

Fig. 45, no part of the low-voltage wires can attain a higher 

pressure than 110 volts. This greatly decreases the danger 

to life and property. 

Prob. 15-2. In a system installed as in Fig. 45 three wires aflj 
brought into the house in a conduit which is grounded. If the ia*! 
sulation on wire x becomes broken so that the copper wire comes inUl 
contact with the conduit, what will be the result? 

Prob. 16-2. If the copper wire y, Prob. 15, comes into con 
m'tli the conduit, what will happen? ^ 
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Prob. 17-2. If the copper wire z, Prob. 15, comes iiito c 
mlh the conduit, what will happen? 
Ptob. 18-a. If the insulatioD between primary leaii B of Fig. ttJ 
I ADdserondary lead z breaks down, what will bo the greatont \'olta 
betvreea the ground and the lead a? 



SUMMARY OF CHAPTER U 

An ALTERRATIHG CDBREBT is one which rises in strength to i 
a maxjmum in one direction, then subsides and reverses, rises 
in strength in the opposite direction and again subsides, re- 
peating this complete set of changes over and over immediately 
in equal periods of time, just as the tide flows. 

A CYCLE is one complete set of values or changes in both 
directions. The number of cycles completed in one second is ' 
called the FREOQEncv. In the United States, the frequencies | 
used for distribution of current for motors, lights and heating 
appliances have been standardized at 60 cycles or 25 cycles per 
second. 

A required amount of power (watts) may be had as a small 
current (amperes) at a high pressure (volts), or as a large cur- 
rent at a small pressure, so long as the product (volts X am- 
peres) is the same. Large currents require correspondingly 
large wires to carry them. 

To transport power economically in large quantities or over 
long distances much higher pressures must be used for trans- 
mis^on than can be applied to the distributing circuits where 
power is consumed. This is accomplished by means of trans- 



The TRAITSFOBMER Consists of two sets of coils wound over 
le same iron core; one set, the PRIMART, takes in current 
and power and produces flux or " lines " of magnetism in the 
core, which periodically change in value and direction, or alter- 
nate, like the current. The changing flui " cuts " the other set 
<rf coils, the SECOKDART, which thereby has generated in it a 
^Itage and will give out current and power if an external circuit 
le completed between the secondary terminals. 
The RATIO OF VOLTAGE between primary terminals to volt- 
EC between secondary terminals is very neai\7 ftie «iMa.t wh^ 
atio otpdmary funis in series to secon&aiY taxosvD.ai 



^uonners. 
^K The TR 
^Pttie same 
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in well-designed transformers of the most usual types. 
this ratio is greater than one, we have a stef-dowh trai 
former; when it is less than one, we have a STEP-DP trai 
former. The same transformer may be used either to e 
down or to step up the voltage. 

Any conductor carrying electric current is surrounded by J 
circular magnetic field, or circular " lines of force " around B 
conductor. The direction of the lines or flux of magnetism 1 
any place is assumed to be the direction in which the i 
seeking pole of a compass needle would point at that place, 
the wire be grasped in the right hand so tiiat the fingers point! 
the direction of the magnetic flui or compass needle, then lf 
thumb will point in the direction of current flow in the conduct 
which produces that flux. 

In general, a voltage is produced or " induced " in any i 
when it is located in a changing magnetic field. The voltij 

may be produced by movement of either wire or magnetil 

relative to the other, or to a change in strength of magnetic fietdH 
surrounding a motionless wire. The voltage is produced only 
while such changes are occurring. Dynamo machines illustrate 
the former, and alternating-current transformers the latter. 
There is a definite relation always existing between direction of 
magnetic flux or lines, of motion, and of induced voltage due to 
the motion, which may be remembered by rules such as ^ven 
in Art. ii and illustrated in Fig. i8. 

The MAGNETIC STBEHGTH of an electromagnet, or of a coil 
carrying current, is proportional to the product of amperes X 
turns, or to the total number of AMPERE-TURns. This enables 
us to produce the strongest magnets. 

All wires belonging to the same circuit or system must be run 
side by side in the same iron conduit, otherwise there will be a 
large pressure-drop in the circuit and an excessive amount of 
power will be lost from the electric circuit to the iron conduit, 
which not only is bad economy but also overheats the conduit 
and increases the fire risk. Metal conduits enclosing electric^ 
circuits are usually grounded by making metallic connection to 
water pipes or to the steel frame of a building. The neutral of ' 
a thiee-wiie syEtem is usually grounded in similar manner. ) . 



^Mta 
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PROBLEMS ON CHAPTER U 

Prob. 19-2. Where a large amount of power at 110 volts is used 
in one building, it is customary to bring to the building three wires 
from the secondary coils of a transformer such as is described in 
Prob. 11-2. The voltage between the outside wires of the three 
wires is 220 volts, and from either outside to the neutral wiSre 1 10 
volts. Show what wire connections you would make at trans- 
former of Fig. 43, and what must be the ratio between the number 
of turns in one primary and in one secondary coil in order to use 
this scheme, if the high-voltage line has 1150 volts between wires. 

Prob« SO-2. Suppose that the high tension line was 460Q volts 
and that the only transformers available were like that of Prob. 19. 
Show how they could be used to supply 110 volts. » 

Prob. 21-2. The following tests were made on the secondary 
leads labeled 1, 2, 3, 4 of a transformer. Voltage between 1 and 2, 
2 and 4, 1 and 3, 3 and 4 » 0. Voltage between 2 and 3, 4 and 1 = 
110. 

When 1 and 2 were joined, the voltage between 3 and 4 was 220. 

When 3 and 4 were joined, the voltage between 1 and 2 was 220. 

When 2 and 4 were joined, the voltage between 1 and 3 was zero. 

When 1 and 3 were joined, the voltage between 2 and 4 was zero. 

(a) Show proper connections for 110 volts. 

(J>) Show proper connections for 220 volts. 




Fig. 46. Terminal block for high-tension coils, with link arrangement 

differing from that of Fig. 44. 

Prob. 22-2. The Wagner Electric Mfg. Co. use in some ot ibsk 
traDsformen? a bigb-voltage terminal board arrax^i^edL «i&*\i^^^« ^&« 
J7i0 oaDoeddom from the primaxy coils to the AioaE^ axfe Atfy«^ xa. 
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Fig. 47. Assume that each primary coil consists of 1320 turns «dC^ 
that each is tapped at A so that there are 1194 turns in each coil oi^ 
one side of A and 126 turns on the other side. Each of two second^ 
ary coils has 132 turns. When the links are arranged as in Fig. 46, 
what is the voltage between the secondary terminals? ^ / c 

(a) When the secondary coils are in parallel? 

(6) When the secondary coils are in series? l i^*' 







-4ioa 



nmnnnm 




msmMm) 



Fig. 47. Showing how terminal block of Fig. 46 is tapped to the hi^- 

tension coils. 



Prob. 23-2. How would you arrange the links on the primary 
connection board of the transformer of Prob. 22-2 (Fig. 46), if the 
transformer was to be used on a line of 995 volts? 

Prob. 24-2. What would be the voltage between the low- 
voltage terminals of a "transformer connected as in Prob. 23-2 if the 
secondary coils were ' 

(a) In series? 

(6) In parallel? 

Prob. 26-2, Show the link arrangement of the transformer of 
Prob. 22-2 if it is to be used on 2200-volt line. 

Prob. 26-2. (a) On what voltage can the transformer of Prob. 
22-2 be u^ if connected as in Fig. 48? 
(6) What should be the voltage across each secondary coil? 

Prob. 27-2. Show .the link arrangement for the transformer of 
J^b. 22-211 it 18 to be used on a 2095-volt ^e. 
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Prob. SS-2. What is the greatest voltage that can exist between 
the ground and any part of the low-voltage system in case of a break- 
down at any one point between the primary and secondary coils of 
the transformer in Fig. 45? 




Fig. 48. 

Prob. 29-2, If the conduit of Prob. 15-2 were not grounded and 
the copper wire x came into contact with the conduit, what voltage 
would a person be subjected to who stood on the ground and touched 
the conduit? 

Prob. 30-2. What is the least voltage that could be obtained 
from a transformer with primary wound as in Prob. 22-2, and how 
would you get this least voltage? ^ ^ 

Prob. 81-2, The magnetic field around the magnet of Fig. 15 
being in form like that shownaround the poles in Fig. 17, determine 
whether the induced voltage will be from right to left in the rod, or 
vice versa, under the following conditions: (a) Magnet moved 
toward right; (6) magnet moved toward rod but at right of it; (c) 
magnet moved away from rod but at left of it. 

Prob. 82-2. In what direction would the induced electrical 
pressure in the wire of Fig. 18 be, if it were moved along the side of 
the magnet from the north pole to the south pole, while being kept 
parallel to the position shown? 

Prob. 83-2. Describe the pressure that would be induced in the 
wire of Fig. 19, if it were: (a) Moved parallel to itself from S toward 
N; Q)) swung aroimd an axis passed through the letters S, N; (c) 
swimg around an axis passed perpendicular to a line through the 
letters S,iV. 

Prob. 84-2. Show that the rule ^ven in kd. \^ iox ^^ot^ <^ 
an ehdnxmagnet ia really the same as (oi loWo^w^itCJttk^ \Jofc''^'^ltoss^ 
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Rule'' given in Art. 12 for the magnetic field around a strai^t 
wire. 

Prob. 36-2. If the primary coils of Fig. 47 were connected to a ! 
2095-volt line as required in Prob. 27-2, what would be the voltage 
across each secondary coil? 

Prob. 3G-2. If the south pole of a compass needle is attracted 
toward the end of an electromagnet before which you are standing, 
what is the direction of current in the coil? 

Prob. 37-2. How would you expect a compass needle to be- 
have, if brought near an electromagnet excited by alternating 
current? 

Prob. 38-2. How will a compass point: ^ 

(a) When laid on top of a bus-bar carrying direct current? 

(6) When the bus-bar carries alternating current? 

Prob. 39-2. How would a compass needle behave when held be- 
tween the blades of a two-pole knife switch carrjdng (a) direct cur- 
rent, (6) alternating current? 

Prob. 40-2. Twenty amperes are passed into one end of a mag- 
net coil and out of the other end. If now both ends of the coil be 
connected to one line wire, and the middle point of the winding be 
connected to the other line wire, the line current being kept un- 
changed, how will the strength of the magnet compare with its 
former strength? 

Prob. 41-2. Explain how you can determine the direction of 
current in a circuit, or the electrical polarity of the circuit, by aid of 
a compass. 

Prob. 42-2. Explain how the amount of pressure induced in a 
coil by a change in the number of lines or amount of magnetic flux 
passing through it, is increased by and in proportion to the increase 
in the number of turns in the coil. How would you wind a coil so 
that no voltage would be set up in it, regardless of how the flux 
might change? 

Prob. 43-2. Unless they are closely fitted to each other, there 
is likely to be a very noticeable chatter between an alternating- 
current electromagnet and its keeper or armature. How many 
blows or vibrations per second are there in this noise, if the 
magnet is energized from a 60-cycle circuit? If from a 26-cycle 
circuit? 

Prob. 44-2. In a 60-cycle circuit, what interval of time (seconds) 
elapses between successive maximum iBslautaneoxiia n«IX>m» ^''wS&r / 
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1 the same direction? between maximum values in opposite 
ions? What interval of time between the lero value of volt- 
nd the succeeding maximum? 

ob. 46-2. There is a time interval of 0.01 second between two 
ssive zero values of alternating voltage in a certain circuit. 
b is the frequency in cycles per second? 



CHAPTER III 

IMPEDANCE 

The primary of a certain bell-ringing transformer wj 
for a moment on a 110-voIt, direct-current line and i 
found that it took 8.4 amperes from the direct-curreni 
a current which would quickly burn out the primar} 
However, from these figures the resistance of the pr 
coil may be found, since 



Resistance = 



Direct voltage 
Direct current 
110 



8.4 
= 13.1 ohms. 

The primary coil was then placed on an altemating-ci 
line of 110 volts (60 cycles) and only 0.06 ampere fl 
Since this small current value would not overheat th( 
the transformer might be left attached to the altem: 
current circuit for an indefinitely long time. 

Now, if the resistance of the primary coil were thi 
thing which had restricted the flow of alternating cu 
we could be sure that the value of the current would 
been as follows: 

Current = J""^^^^ 
Resistance 

^ 110 

13.1 

= 8.4 amperes. 

This is the value of the direct current which flowed wh< 
voltage was direct but it is many times greater tha 

54 

1*^ t^^^,^^^^ 
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tmrent which the alternating voltage forced through the 
oU. 

22. Iiiq[»edance. Thus it is clear that when a trans- 
onner coil is placed on an alternating circuit there is some- 
hing other than the resistance of the coil that restricts the 
alternating current which will flow. 

This something which restricts the flow of an alternating 
current, we call the impedance of the circuit, and it is equal 
to the quotient of the alternating voltage divided by the 
alternating current. The impedance is measured in ohms 
just as is the resistance; but, imlike true resistance, the value 
of impedance depends upon the arrangement of the electrical 
circuit and its surroimdings, and upon the frequency. 

mi Alternating voltage ,. , 

Inus, -rj: -r-^ —■ = Impedance. 

Altematmg current 

In the case of the primaiy coil of this bell-ringing trans- 
former, 

rpv,^ . ^ i^„^^ Alternating voltage 

ine impedance = tt;^ r^ r 

Altematmg current 

^ 110 

0.06 

= 1833 ohms. 

The impedance of this coil is therefore over 100 times 
greater than its resistance. Since it is the impedance which 
limits an alternating current, while a direct current is limited 
by the resistance only, it is easy to see why such a coil would 
soon bum up if placed on a direct-current line of the same 
i^oltage. 

Prob. 1-8. What current would flow in the primary coil of the 
.bove transformer if it were placed on an alternating-current circuit 
f 55 volts? 

Prob. 8-8. A certain Thordarson bell-ringing transformer has a 
ssistance of 258 ohms in the primary coil. WYia^. cvmeaX. ^^^^^'Si 
rinmry eoH take on a lid-volt, direct-current circmtl 
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Prob. S-8. The impedance of the primary coil in Prob. 2-8 k 
2200 ohms at 60 cycles. What cmrent will this transfonner (bw,^ 
from a 115-volt, 60-cycle alternating-current circuit? ' ^^i 

Prob. 4-3. The impedance of an electric circuit imder certain 
conditions is 40 ohms. How many amperes can 2100 volts (alter- 
nating) force through this circuit under these conditions? 

Prob. 5-8. How many volts would be required to force 18 
amperes through the circuit in Prob. 4-3, assuming all electrostatic 
and magnetic conditions to remain the same? 

23. Why the Impedance is Often Greater than the 
Resistance. In the previous examples, the impedance of 
the circuit was always much greater than the resistance.. 
This is not always the case. 

Suppose that we take for our first test circuit, one mile ci 
No. 18 copper wire, which has a resistance of 33.6 ohms per 
mile. Let us string this up as a half-mile "line and return/' 
with the far ends joined, and the near ends connected to the 
terminals of a 110-volt, d-c. generator. A d-c. ammeter in- 
serted in the hne reads 3.27 amperes, a current which this 
Une can carry comfortably. That is, the resistance which 
this mile of wice offers to the flow of a direct ciurent equate 

110 

^-^ , or 33.6 ohms. Note that this is exactly equal to the 

resistance which this wire offers to a direct current, regardtesB 
of whether it be arranged as a coil or a line or in any other 
form. 

For oiu" second test circuit, let us take 345 ft. of No. 12 
copper wire with a cotton cover and string it up as "line and 
return." This wire has a resistance of 0.55 ohm, so that we 
would not be safe in connecting it across a 110-volt, d-c. 
generator as before. If we did this, it would allow about 
200 amperes to flow, which would bum up the wire. There- 
fore, let us put only 11 direct volts across it. An ammeter 
now indicates 20 amperes direct current, a safe current for 
ibis wire when it is strung up as a line in ftei^ ^ax. T\a. 
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sistance is H, or 0.55 ohm. Similarly, we would not be 
fe in placing this wire across the terminals of a 110-volt, 
)-cycle, a-c. generator, as approximately 200 amperes would 
ow. Accordingly, we will try 11 volts alternating current, 
t the same frequency of 60 cycles. An a-c. ammeter reads 
iQw about 20 amperes, showing that the impedance of the 
rire so arranged is approximately the same as the resistance, 
rt, or 0.55 ohm. Now let us wind this same wire on a round 
«^oodeii core 20 inches long and 1 J inches diameter. There 
would be 730 turns on this core, which would constitute a 
weak electromagnet, as in Fig. 49. K we put the coil across 




730 Turns- 

FiQ. 49. A weak electromagnet made by winding wire on a 

wooden core. 

the 11 volts direct current, as we did the straight wire, an 
ftDMneter still indicates 20 amperes, showing that, in shaping 
the wire into a weak electromagnet, we have not changed, 
n the slightest degree, the resistance it offers to the flow of a 
Jirect current. The resistance is still Hj or 0.55 ohm. 
But if we put it across the 11 volts, alternating at 60 cycles, 
^e find that an a-c. anameter indicates a little less, about 

3.7 amperes. The impedance has become j^t or 0.66 

im. Without changing the wire in any way except to wind 
into the form of a weak electromagnet, we have increased 
e impedance about 20 per cent, while the resistance has 
t been changed in the slightest degree. 
Suspecting that the magnetic feature of t\ie co\\ xaa.-^ V«n^ 
Tie inSuence on the impedance, let "UB uvsik^ ^J& ^\xcsv:l% ^ 
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Prob. 7-3. It is desired to use the 730-tum coil of the tranf 
former of Prob. 6-3 as the secondary at 110 volts, and to take pom 
from an UOO-volt, 60-cycle line. How many turns must be used, 
in the primary coil? 

Prob. 8-3. There are 1200 turns in each of the two primary coils 
of a transfonner, which are designed to be connected in series acroBB 
a 2300-volt line. 

(a) What is the back voltage per turn of the primary coils? 

(6) What is the induced voltage per turn of the secondary coDfl! 

Prob. 9-3. How many turns must each of the secondary ccrib 
have in the transformer of Prob. 8 if they are to deliver 115 vdtB 
when joined in parallel? 

Prob. 10-3. What would be the total voltage of the secondaiy 
coils of the transformer in Prob. 9 when they are joined in seriesT 



A, 







Fig. 56. When secondary current as indicated by the ammet^ A« iB 
zero, primary current indicated by ammeter Ap is very small Thifl 
primary current is called the exciting current which remains about th* 
same for all loads. When the switch C is thrown, a secondary ^ourreot 
will flow through ammeter A a and the lamps L. The primaiy cunent 
through Ap will then become about ^% of the secondaiy cuneot 
through As. 

28. What Happens when the Secondary Coil Delivers 
Current to an Appliance. In all of the previous examples, 
we have been considering the action of transformers with the 
secondary coils open and therefore carrying no current. Let 
us now consider what happens when a load is attached to the 
secondary coils and a current is drawn from them. 

Fig. 56 represents a transformer, P being the primary coDb 
o/ 1200 turns (total) attached to the llOO-^oW. ^\ife \iasn^ 
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neter Ap. The secondary coils of 120 turns (total) 
ve an ammeter, A,, attached to them. As there are 
js as many tmns in the primary coils as in the second- 
len the primary coils are attached to an 1100-volt line, 
aust be 110 volts across the secondary coils, 
hrowing switch C, the lamp load L of 10 amperes can 
iched to the secondary. As Fig. 56 is drawn, there is 
i on the secondary. Thus the secondary coils have no 
t in them, and the current drawn by the primary coils 
he 1100-volt hne will depend entirely upon the im- 
3e. A fair value for the impedance of these primary 
. 60,000 ohms. The current in the primary then equals 

, or 0.0183 ampere. This is called the exciting current. 

Qow attach the lamp bank L to the secondary coils by 
ing the switch C, the ammeter A, will show that 10 
•es are flowing in the secondary coils. The ammeter 
.11 also indicate somewhat over 1.00 ampere, showing 
current of about 1 ampere is now flowing in the primary 

us see how a current flowing in the secondary coils can 
current to flow in the primary coils, in spite of the fact 
there is no electrical connection between the primary 
he secondary coils. We have seen that there is an 
ed voltage in the secondary which is at all instants in 
Erection opposite to the voHage impressed on the 
jy. If now we allow this induced voltage to send a 
It through the secondary coils, this cmrent will set up 
Snetic field which will disturb the magnetic field already 
ag in the core, tending to neutralize it. The impedance 
e primary circuit depends almost entirely upon the 
etic field set up by the exciting current of 0.0183 ampere. 
I this magnetic fi^ld j^^ thus disturbed and ^ac^AsiScj 
aHjs^^ the impedance ot the primary coi[\a \a \o^^t^^^ 
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and the 1100 primary volts can force more current throu^j 
them. In fact, just enough additional current is forcedl- 
through the primary coils to neutrahze the field set up hj[ 
the secondary current of 10 amperes. The magnetic fiddle 
set up by this additional primary current must be exactly |r 
equal to and opposite the magnetic field set up by the second- 
ary current. We know it must be opposite to the field of the 
secondary current because th6 voltage setting up this primary 
current is exactly opposite to the induced voltage which is 
setting up the secondary current. We can see from the 
following that the new field set up in the primary coils by 
this extra current is equal to the field set up by the 10 amperes 
secondary current. 

The strength of the field set up by the 10 amperes depends 
upon the product of the amperes (10) and the turns in the 
secondary (120) or 1200 ampere-turns. Thus in order to 
overcome this opposing field, enough current must flow in 
the primary coils to make up 1200 ampere-turns in the 
primary coils. Since there are 1200 turns in the primary 
coils, it is necessary for only 1 ampere to flow to make up 
1200 ampere-turns. When this 1 ampere is added to the 
current in the primary coils, the opposing magnetic field set 
up by the secondary current is neutrahzed and the field 
becomes as it was when the original current of 0.0183 was 
flowing and the core is magnetized as it was in the first place. 

Of course, no transformer is a perfect machine with 100 
per cent efliciency, so that a slightly larger current than 1 
ampere would have to flow in order to make up the losses in 
the coils and core. But for all practical purposes this method 
of computing the current in the primary coils, when a givea 
current flows in the secondary, is sufficiently correct, and is 
always used in practical estimates. 

Prob. 11-3. The transformer of Fig. 56 supplies a house with 
electric power for twenty 50-watt, incandeBcent Xaxa^. ^\«aiTS^ 
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We may therefore write the equations 

^ ^ ^ Effective power 

Power factor = r —^ > 

Apparent power 

or Effective power = Apparent power X Power factor. 

Since, in a non-inductive circuit, the effective power equals 

^, ^ xi_ ir X- effective power . , ^ ' 

the apparent power, the fraction —^ is equal to 

apparent power 

one or unity. Thus we say that the power factor of a non- 
inductive circuit is unity. 

Prob. 1-4. A Thordarson bell-ringing transformer with the 
secondary unloaded takes 0.05 ampere from a 110-volt alternating- 
current line. A wattmeter attached to the transformer reads 3 
watts. What is the power factor of the exciting current? 

Prob. 2-4. With a current in the secondaries, the transformer of 
Prob. 1 takes 0.09 ampere and 7.4 watts into its primary. What is 
the power factor at this load? "^ 

Prob. S-4. A certain bell-ringing transformer has a power factor 
of 40 per cent when loaded with a certain bell circuit. How much 
power does it take, if it draws 0.20 ampere from a 110-volt, a-c. line? 

Prob. 4-4. How much current does a loaded transformer draw 
from a llQ-volt, a-c. line if it takes 7 watts at 52 per cent power 
factor? 

Prob. 5-4. What power is consumed by a coil, the impedance of 
which is 40 ohms, and power factor 70 per cent, when an alternating 
pressure of 220 volts is maintained across it? ""^ 

Prob. 6-^ What power is consumed by a starting resistance coil 
of 40 ohms, non-inductive, when an alternating voltage of 220 volts 
is maintained across it? 

Prob. 7-4. What is the power factor of an appliance which has 
an impedance of 25 ohms if it draws 1.5 kw. from a 220-volt, a-c. 
circuit? ., <:^ 

32. Graphical Representation.' In order to aid in solving 
many problems which arise in alternating-current work, it is 
customary to represent the various quantities by Unes and 
angles. By working with these diagrams in front of us, we 
can more easily keep clearly in mind the tTW^ft t A'aXAsyoa ^\S!LQfw^ 
micb quantities as apparent power, effective po^ec ^\A v^n^^^ 
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capacity of the transformer is then stated aa the pro 
of the secondary volts and the greatest secondary cui 
Thus if a transformer with its secondary coils (in series) n 
constructed for 220 volts and 22.5 amperes, it would be « 
as 220 X 22.5, or 5000 volt-amperes. This would be c 
a 5 kv-a. (kilovolt-ampere) transformer.* 

Prob. 17-3, If the secondaries of the above transformer weie^ 
parallel and delivered current at 1 10 volts, what current would et 
primary coil carry at full load? The two similar primary coils aic^ 
connected in series to 2200-volt line. 

Prob. 18-3. What current would each coil of both primary ai 
secondary carry at full load if the transformer of Prob, 17 were co 
nected to dehver power to a 220-volt load? 

Prob. 19-3. What would be the result if we attempted to take | 
full rated kilovolt-amperea out of the transformer of Prob. 17 and IS 
to supply lamps connected to only one of the 115-volt circuits in Fig. 
67 (or to one side of the three-wire secondary system)? 

SUMMARY OF CHAPTER m 

ndPEDANCE is the volts per ampere in a circuit carrying alter- 
nating current, just as RESISTANCE is the volts per ampere in 
a circuit carrying direct current. In either case, both volts and 
amperes are to be measured between the same points in the 
circuit, and their ratio is the impedance of that part of the circuit, 
only, which is included between such points, 

IMPEDANCE of a circuit is larger than its resistance when- 
ever the circuit produces a field around itself. A circuit has 
IHDDCTANCE. or SELF-INDUCTANCE, if it butlds a magnetic 
field around itself when current flows. The continual change 
in value and reversal of this field, which thereby sweeps 
across the circuit itself as the current alternates, induces in 
the circuit a voltage which always OPPOSES THE CHANGE of 
current. In ao IHDDCTIVE CIRCUIT, therefore, less current 
will be produced by a given alternating voltage than by the same 
value of direct voltage. This reduction of current is due to the 
IHDOCTIVE KEACTAJTCK of the circuit. ^h 

* One kilovolt equals 1000 voVt&. ^| 
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RESISTANCE (ohms) multiplied by cunent (amperes) gives 
/olts used to produce heat in the electric circuit. 

INDUCTIVE REACTANCE (ohms) multiplied by current 
^amperes) gives volts used to produce magnetic field around the 
circuit. 

IMPEDANCE (ohms) multiplied by current (amperes) gives 
total volts used to produce current in the circuit. 

If resistance voltage is very small in comparison with total 
volts in any circuit or part of the circuit, then, practically, Reac- 
tance = Impedance. 

The same wire or circuit may offer very widely different 
amounts of reactance, depending upon the way in which it is 
aiTiu^ed (coiled, looped, or strung), the material by which it is 
surrounded (iron or air) and the frequency. None of these 
lactors, however, affects the real (" ohmic ") resistance, which 
remains the same as long as the length, cross- sectional area, 
temperature and material of the wire are unaltered. 

Cunent does not rise instantaneously to its maximum steady 
value when a constant direct voltage is impressed on a circuit, if 
Uie circuit is inductive. The varying flux due to the rising cur- 
rent induces a back pressure which retards the growth of cur- 
rent. Similarly, the current does not fall instantaneously when 
the inductive circuit is broken, but tends to persist as an arc 
«cro5s the break. 

Transformers, and the field circuits of dynamos, are highly in- 
ductive because they are designed purposely to produce quanti- 
ties of magnetic flux. Special " field-break " switches may be 
used to interrupt such circuits, in order to avoid injury of switch 
points by this arc. If the current is permitted to be reduced un- 
duly fast, the voltage induced in the circuit by the rapidly chang- 
ing magnetic field may reach excessively high values, and injure 
the apparatus or endanger Uves. 

While any change is occurring in the magnetic field of an 
Slectric circuit, a voltage is induced in the circuit which tends to 
oppose the change. This is known as " LenZ' LAW," and there 
sie many parallels to it in other branches of science. 

The primary current of a transformer increases in proportion to 
the current from the secondary. The following ratios hold true 
roximately, unless the transformer is operating at \i^^.\ia».&-. 
^ Primarr current _ secondary turns seconAar^ ^o\ls 
mda^ current primaiy turns ~ pximai^ no\\b 



me current 
^uroximat 



I 

J 
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Tbe total current in the primary consists of two parts, A 
EXCITING CDRKEHT, and the LOAD CDS&EITT. The ezdfii| 
current is the zero- load current. The load ctTRRSlrt! 
flowing through the primary turns, produces au additional mij^^ 
netizing force (ampere- turns) which is at every instant equal ia 
value and opposite in direction to the magnetizing force (secon4-l, 
ary amperes X secondary turns) that tends to weaken the vof i 
netic flux in tbe transformer. 

Heating of both secondary and primary coils due to the c 
rent sets a definite limit to the amperes, and therefore to thil 
maTitniim power (volts X amperes), which may be takes 1 
steadily from a transformer without injuring its insulation. This 
maximum power is known as tbe rated load, or the '' ~ 
the transformer, and is usually expressed in volt-amperes (foi 

small transformers) or in kilovolt-amperes I ' 

for large transformers. 

PROBLEMS ON CHAPTER m 

Prob. 20-3. What exciting current will an unloaded Pittsburg 
bell-ringing tranaformer draw from a 110-vo!t, aJtema ting-current 
line if the impedance of tbe primary coil is 1833 ohms for the fre- 
quency of the line? 

Prob. 21-3. The resistance of the primary coil of Prob, 20 is 149 
ohms. How many amperes direct current would this transformer 
draw from a 110-volt, direct-current line? 

Prob. 22-3. An impedance coil takes 4.35 amperes when acroea 
a 110-volt, a-c. system. What current will the same coil take when 
across a 440-volt, a-c. system, oU other conditions remaining the 
same? 

Prob. 28-3, A transmission line carrying alternating current has 
a "drop" of 52 volts over 10 miJos of line wire when tranamittiog 
45 amperes. What is the impedance of the hne per mile for tbe 
frequency and the spacing of line wires here used? 

Prob. S4-3. An electric circuit has an impedance of 26 ohins 
when an alternating current of a certain frequency is sent thioO^ 
it. What value must the voltage across the circuit have when 
euireat is 32 amperes? 



1 
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h 26-3. The primary coil of a 1-kw., 2200/1 1 00- volt, dis 
Ig transformer has aa impedance of 53,660 ohms. Wh» 

does this transformer draw from the line when there is no 
, the secondary coils? 
L Se-f. The dimmer of Fig. 58 haa a resistance of O.S ohm 

impedance of 20 ohms on a 60-cycle circuit. It is put in 
iith a bank of lamps which has a resistance of 20 ohms, and a 
i impedance of 20 ohms. When the dimmer and lamp bank 




Reactive type of Theatre Dimmer, 



direct-current line of 110 volts, what current flows through 
ner? ' ..1. ,. |_ "I 

27-3. If the dinamer alone of Prob. 26 is eonuected across 
olt, 60-cycle circuit, what current will flow through the 

^' ''''!' 

28-3. It the impedance of the primary circuit in each 
mer of Prob. 14-3 is 50,000 ohms, how much current is taken 

high-voltage line when no current is beii^ drawn from any 
pier? 

Sft~8. What should be the kv-a. rating oleac\iUa,TisSKmBKt 
.14? / ■■■ 
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power, returned by the flywheel to the engine, corresponds to 
the electric reactive power; that is, to the electric poww 
returned by the circuit to the generator. 

Thus we see that the apparent power is really composed of 
two components, — the effective power and the reactive 
power. Note carefully, however, that the apparent power 
is not the arithmetical sum of the two. For instance, in 
Fig. 60, the effective power is 1080 watts and the reactive 
power is 523.2 volt-amperes, while the apparent power is 
only 1200 volt-amperes. In Fig. 62, the apparent power 50 
kv-a. is composed of 46 kw. and 19.60 kv-a.; the sum of the 
latter two being equal to much more than 50 kv-a. 

However, for a given power factor, the reactive power is 
always a certain definite fraction of the apparent power, just 
as the effective power is a certain definite fraction of the 
apparent power. 

Thus in Fig. 60, where the effective power is 90 per cent of 

the apparent power, the reactive power is ^^' , or 43.6 per 

cent of the apparent power. In all cases where the power 

factor is 90 per cent, the reactive power is 43.6 per cent. 

The fraction which the reactive power is of the apparent 

power is called the Reactive factor. In other words, 

^ ^ , Reactive power 

Reactive factor = r : • 

Apparent power 

Prob. 14-4. What is the reactive factor in Fig. 61? 

Prob. 15-4. Determine by drawing diagrams similar to Pig. 60, 
the reactive power and the reactive factors for: 

(a) 5000 kv-a. at 80 per cent power factor. 

(6) 200 volt-amperes at 65 per cent power factor. 

(c) 750 kv-a. at 95 per cent power factor. 

Prob. 16-4. Find, by drawing to scale, the reactive factors when 
the power factors are: 

(a) 0.850. (c) 0.707. 

C^J 0.940. (d) 0.250. 



^ 
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35. To Detennine the Reactive Power. Since the 
•eactive factor is the fraction which the reactive power is of 
ihe apparent, power, then 

Reactive power = Reactive factor X Apparent power. 

By referring to Table I, we can find the reactive factors 
corresponding to any power factor. Thus to find the re- 
active power of 1200 volt-amperes at 90 per cent, we can look 
in the table for the reactive factor corresponding to a power 
factor of 90 per cent and find it to be approximately 0.438. 
We can then find the reactive power by using the equation: 

Eeactive power = Reactive factor X Apparent power 

= 0.438 X 1200 
= 525.6 volt-amperes. 

This is very nearly the value obtained in Fig. 60 by drawing 
the values to scale. 

Prob. 17-4. Check by means of Table I and the above equation 
the values obtained by scale drawings in Prob. 15 and 16. 

36. Relation between the Apparent Power, the Reactive 
and the Effective Power. There is, however, a third way 
of finding the reactive power, which is often used. Referring 
to Fig. 60; if we square the effective power, represented by 
line AB and the reactive power, represented by the line BC, 
we shall find that the simi of these squares equals the square 
of the apparent power, represented by the line AC. Thus 
in Fig. 60, 

Effective power squared = AB^ = 1080^ = 1,166,000; 
Reactive power squared = BC^ = 523.2^ = 374,000; 
Sum of squares = AB^ + BC^ = 1,440,000; 
Apparent power squared = AC^ = 1200^ = 1,440,000. 

Thus the apparent power squared equals the effective power 
squared plus the reactive power squared. T^na Sa a\aXfc^'Ssj^ 
B mare general way as follows: 
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• 

Prob. 45-8. A certain distributing transformer is rated 15 ky-a 
(kilovolt-amperes), 60 cycles (per second), 2200 : 1100/220 : 110 
volts. Illustrate by sketches four ways of connecting this trans- 
former for different voltage combinations, and for each sketch state 
the maximum volts and amperes input from the primary mains, and 
the corresponding maximum volts and amperes output to the second- 
ary mains. 
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= V2II6 
= 46; 

d Reactive power = VcApparent power)* — (Effective power)'; 

BC - y/AC^ - AB' 

= V502 - 4& 

= V25OO - 2116 

= V384 
= 19.6. 

Solve by the Law of Squares, the following problems: 

Prob. 18-4. The apparent power in a certain circuit measured 
^400 volt-amperes and the effective power 7244 watts. What was 
the reactive power? 

Prob. 19-4. Find the effective power in a circuit in which the 
apparent power is 2500 kv-a. and the reactive power 300 kv-a. 

Prob. 20-4. Solve Prob. 15-4 by means of the " Law of Squares" 
and check with answers obtained by drawing to scale. 

37. The Three Methods of Solution. There are thus 
three methods of using the relations which exist among the 
apparent power, effective power, reactive power, power 
factor and reactive factor. Any one method may be used to 
solve a problem, or any combination bf methods. 

METHOD I. By the use of diagrams drawn to scale. 
This is the simplest but least precise of the three. 

METHOD II. By the use of tables of power factors and 
reactive factors, and diagram, not necessarily to scale. 

METHOD III. By the use of the law of squares for the 
^ght triangle, and diagram, not necessarily to scale. 

Example. 

The effective power in a given circuit is 400 kw., and the apparent 
power is 500 kv-a. Find by all three methods: 
(a) The power factor. 
(h) The reactive power, 
(c) The reactive factor. 
(^ Hbe angle between apparent power and eftectrie pof^et. 
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like Fig. 69, and which we have solved; except that it has an extra 
line drawn from Bi to C. It is solved in exactly the same way as 
Fig. 69. Thus in constructing and solving Fig. 69, we were really 
adding vectorially two quantities of power with different powff 
factors. 

The case shown in Fig. 64, where both appliances had unity 
power factor, is not an exception to the rule but merely a 
special case. Here all the power is effective; thus there is 
no reactive power, and it is merely necessary to add the 
values of the effective power in both appliances together, 
i The method given for determining the total power in Fig. 
65 is merely a short cut which is permissible only when the 
power factors of the appliances are the same. This is shown 
in the next problem. 

Prob. 23-4. Using Fig. 65, find by the rule on page 98 the total 
effective power taken by Mi and M2, the total apparent power taken 
by Ml and M2, and compare the value foimd by the preceding rules 
with the sum of the values of the apparent power in each. Find the 
power factor of the combination and compare with the power factor 
of each appliance. 

Prob. 24-4. Two induction motors are taking power from the 
same line. One motor takes 5 kv-a. at 80 per cent power factor; 
the other takes 3 kv-a. at 70 per cent power factor. Find the total 
effective and total apparent power drawn by the two motors from 
the line. 

Prob. 26-4. Find the power factor of the total power drawn 
from the line by the two motors in Prob. 24. 

Prob. 26-4. If each lamp in Fig. 57 takes 2 amperes, and the 
motor takes 20 amperes at 85 per cent power factor, find; 

(a) Apparent power delivered by the transformer. 
(6) Effective power delivered by the transformer. 

(c) Power factor of power delivered by the transformer. 

Prob. 27-4. (a) From answers to Prob. 26, find the current flow- 
ing in the secondary of the transformer. 

(b) How does it compare with the sum of the currents in all the 
lamps and the motor? 



POWER AND POWER FACTOR 101 

Prob. 2&-4. If the motors in Prob. 24-4 arc operating on 220 
^ts, what current does the combination draw from the hne? 

Prob. 29-4. An induction motor drawing 2 kw. at 70 per cent 
power factor is operating alone on a hne. How much is the power 
^M^r of the hne raised if ten 100-watt incandescent lamps are added 
U) the line? 

Prob. 30-4. How much would the power factor of the line in 
Prob. 29 be increased if ten 250-watt lamps had been added instead 
o! ten 100-watt lamps? 

40. Leading Power Factors. Induction motors gener- 
ally have a lagging power factor. But there are induction 
motors on the market which (by certain construction and 
adjustment) have a leading power factor at all loads under 
Ml load, unity power factor at full load and a lagging power 
factor for all greater loads. 
Synchronous motors, so-called because they operate at all 

^ loads exactly "in step" or, as it is called, "in synchronism" 
with the alternations of the current in the hne, may be made 

I to have a leading power factor. (See Chapter IX.) Syn- 

': chronous motors, however, will not start with load, and are 

: generally used in the larger sizes only. 

All of the power vector diagrams which we have thus far 
constructed have been for power with a lagging power factor. 
Note by the following example the difference between a 
I>ower vector diagram with a leading power factor and one 

with a lagging power factor. 

Example: A certain over-excited synchronous motor takes 50 kw. 
from the line at 90 per cent power factor leading. Find: 
(a) The apparent power taken from the line. 
(6) The leading reactive power taken from the line. 

Solution: 

(a) The apparent power taken. 

Since 50 kw. is the effective power, and is 90 per cent of the ap- 

0.90 
3arent power, the apparent power therefore equals -^ = ^.^>5n-^, 

(^J Tte lemding reactive power. 
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Construct Fig. 70, drawing AB to represent the 50 kw. e£fc 
power. In Table I we see that the angle at A must be 26^ to 
spond with a power factor of 90 per cent. But note that the 
AC of apparent power must lead vector AB of effective power, 
is, must be advanced in the direction of the rotation as shown bjj 
small arrow at right. 

In the table, the reactive factor corresponding to 90 per cent power j 
factor is 0.438. Therefore the leading reactive power represented j 
by vector BC equals 0.438 X 55.6 kv-a., or 24.3 kv-a. 




\ 
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Fig. 70. Vector diagram for 50 kw.~effective power or 65.6 kv-A. rf 
apparent power, at 90 per cent power factor^ the 24.3 kv-a. of reactw* 
power being leading. 

Prob. 31-4. How much leading reactive power does a synehiO' 
nous motor take which is receiving 100 kv-a. at 82 per cent leadinS 
power factor? 

Prob. 32-4. An under-loaded compensated induction motor ii 
drawing 250 volt-amperes leading reactive power from the line and 
850 volt-amperes apparent power. 

(a) What is the power factor at this load? 

(6) What effective power is the motor receiving? 

Prob. 33-4. Two synchronous motors are drawing power froo 
the same line. One receives 10.0 kv-a. at 83 per cent leading powff 
factor, the other receives 6.00 kv-a. at 93 per cent leading powtf 
factor. 

(a) What total apparent power do they receive from the lineT 

(b) What is the power factor of the total power received l^ ti* 
two motors? 

^ What total leading reactive power do VSmsj x^n^^'t 
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ob. 84-4. In Fig. 57 assume that each lamp is taking 2 am- 

I and that the motor is taking 20 amperes with a leading power 

»r of 85 per cent. Find: 

) Apparent power delivered by the secondary coils. 

) Effective power delivered by the secondary coils. 

) Power factor of power delivered by the secondary coils. 

[) Leading reactive power delivered by the secondary coils. 

s) Compare these values with those of Prob. 26-4. 

'rob. 36-4. From the answers to Prob. 34-4 compute the current 

ring in: 

a) The secondary coils of the transformer. 

h) The primary coils of the transformer. 

11. C(Mnbination of Leading and Lagging Power Factors. 

is possible to have connected to the same line some motors 
th lagging power factors and others with leading power 
3tors. This is generally a desirable combination because 
e resulting power factor of the combination is usually better 
an that of either set of motors. This result is accomplished 
' the reactive power of one set being opposed to the other, 
that at the ii^tant one set of motors requires reactive power 
e other set is ready to give up reactive power and vice 
rsa. Thus the two sets of motors supply each other with 
)st of the needed reactive power, or the necessary reactive 
wer merely circulates locally between the motors, and very 
tie is drawn from the Une. This is illustrated by the f ollow- 
l example. 

Sxample. A 130-kv-a. synchronous motor operating at full load 
h 90 per cent leading power factor is used in the same shop with a 
l-kv-a. induction motor operating at full load with 85 per cent 
ging power factor. Find: 

a) The total effective power taken from the line. 

b) The total reactive power taken from the line. 

c) The total apparent power taken from the line. 

d) The power factor of the power taken from the line. 

IJonstruct the vector diagram of Fig. 71 ior ttve «>y\vfltttcpCL^>aa. 
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motor, which shows that the 130 kv-a. at 90 per cent leading 
factor is composed of 117 kw. effective power and 56.7 kv-a. k 
reactive power. 
For the induction motor construct the diagram of Fig. 72, 




Ai( 



a 



V 



117 kw. 



Fig. 71. Vector diagram for synchror Fig. 72. Vector diagram 

nous motor taking 130 kv-a. of appar- load taking 100 kv-a. 

ent power at 90 per cent leading apparent power at 86 

power factor. cent lagging power 

shows that the 100 kv-a. with an 85 per cent lagging power factor i| 
composed of 85 kw. effective power and 53 kv-a. lagging 
power. 




Fig. 73. Vector diagram showing result of putting the loads of Kg. 71 
and 72 together on the same Une. ABi is the total effective power, 
B1C2 is the total reactive power (leading), and AC% is the total ap- 
parent power taken from the line by the two loads together. 

(a) The total effective power taken by the two motors is the algB* 
braic sum* of the effective power taken by each motor, or 117+^86 
= 202 kw. This is represented in Fig. 73 by the vector ABi^iAiA 
is merely the sum of the vectors AB of Fig. 71 and AiBi of Rg. 7i 

* The algebraic sum means merely the arithmetical sum or tto 
arithmetical difference of the quantities as indicated by the dueetioi 
of the vectors. Thus if the vectors point in the same direction, 9M 
them arithmetically; if they point in opposite directions, BubtnMt cil 
guant'ity from the other, their resultant or difference being kadiiiC " 
lagging the same as the larger of the two vec^w. 
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lie total reactive power taken by the two motors is the alge- 
im of the reactive power taken by each. Since 56.7 kv-a. of 
ctive power is leading and 53 kv-a. is lagging, the algebraic 
reaUy the arithmetical difference or 56.7 — 53 - 3.7 kv-a. 
le vector B1C2 in Fig. 73 is merely the difference between the 
BC of Fig. 71 and BiCi of Fig. 72. This means that at the 
when the synchronous motor needs 56.7 kv-a. reactive 
the induction motor has 53 kv-a. reactive power just ready 
jtumed to the line, so it gives the 53 kv-a. to the synchronous 
instead. Thus the synchronous motor has to draw but 3.7 
eactive power from the line and this must be leading. At 
r instant the induction motor needs 53 kv-a. reactive power, 
achronous motor is just returning the 56.7 kv-a. to the line at 
itant and gives 53 kv-a. to the induction motor and returns 
i, 3.7 kv-a. to the line, still leading. Thus the line has to carry 
kv-a. reactive power either way; and this is leading, because 
tors need more leading than lagging reactive power, 
statement that one motor takes leading reactive power and 
ler lagging reactive power is merely another way of saying 
le motor is returning its reactive power to the line at the in- 
hat the other is drawing its reactive power from the line. 
The total apparent power taken by the two motors is repre- 
by the vector A(72, Fig. 73, the resultant of the total effective 
represented by vector ABi of Fig. 73 and the total reactive 
represented by the vector B1C2. . 



AC2 = VABi^ + BiCj^ 

= V2022 + 3.72 

= V40,819 

= 202 kv-a. (practically). 



The power factor of the total power taken by the two motors 
found as follows: 

^ , . J , ^ Total effective power 

Combmed power factor = ;= — 

Total apparent power 

= 1, or unity. 

). 36-4. An induction motor taking 35 kv-a. at ^ ^x ^^ 
'power factor is in parallel with a synchxoiio\aa ifio\Ax \js2£^^ 
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50 kv-a. at 90 per cent leading power factor. Find the total eff© 
tive power taken by the two motors. 

Prob. 37-4. Find the total apparent power and power facte 
taken by the two motors of Prob. 36-4. 

Prob. 38-4. To what power factor would the synchronous motoj 
of Prob. 36 have to be adjusted (by control of its field excitation) 
while still taking the same effective power from the line, in order to 
produce a total power factor of unity? 

Prob. 39-4. What is the apparent power taken from a 220-volt 
line when an induction motor is taking 40 amperes at 93 per cent 
lagging power factor and another running at light load takes 20 
amperes at 82 per cent leading power factor? 

Prob. 40-4. What is the power factor and reactive factcff (rf the 
Une in Prob. 39? 



SUMMARY OF CHAPTER IV 

POWER, the real or net power consumed or expended in a 
circuit carrying either alternating or direct cuneni, is measured 
in WATTS. It is proportional to the indications of an accurate 
WiTTMETER when properly selected for and connected to the 

APPARENT POWER in any part of a circuit is the product of 
the volts across that part and the amperes flowing in that part, 
these quantities being measured by accurate voltmeters and 
unmeters properly coimected. The amount of apparent power is 
expressed in terms of VOLT-AMPERES or of kilovolt-amperes 
(-volt-amperes -;- rooo). 

In a non-inductive circuit, or in a non-inductive part of any 
circuit, the power (watts) is exactly equal to the apparent power 
('olt-amperes), or kilowatts equals kilovolt-amperes. When 
the tircuit is inductive, that part of the apparent power which 
goes to build up the magnetic field around the circuit is returned 
bj means of the induced back-voltage when the current de- 
bases and the field collapses. This component of apparent 
power is called reactive power, and is expressed in terms 
of volt-amperes or of kv-a. This reactive power merely circu- 
lates between the electric circuit and the magnetic field, but is 
Dot consumed. The active or true power (watts) is transformed 
Into mechanical energy or heat, and does not return to the elec- 
tric circuit. 

These relations are most conveniently represented by a 
VECTOR DIAGRAM, or geometrical figure in which the lengths 
of lines (vectors) are proportional to watts or volt-amperes, kw. 
or kv-a. If power {kw.) be represented by a horizontal line, 
then the apparent power is represented by a line swung ahead 
in the direction of rotation when the power factor is leading, and 
jehind when the power factor is lagging, because the apparent 
lower must lag behind the effective power with a lagging power 
actor and lead it when the power factor is leading, lagging 
eactive kv-a. would be represented by a vertical line pointing 
lownward, and LSADISG reactive kv-a. by a "ieTXvtBX\m« -^-cX- 
cjg- apwMTd, at the rigbt-baad end of the powet ■^ettoi, 
107 
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ItfoUows that: 
Apparent kv-a. = V'(kw.J^ + (reactive kv-a.)", 



Reactive kv-a. = V(apparent kv-a.)" — (kw.)' 

or 

Power (kw.) = V (apparent kv-a.)" — (reactive kv-fl., 

POWER FACTOR of any part of a circuit is tlie ratio o 
power (watts, or kw.) in that part to the apparent power ( 
amperes, or kv-a.) in the same part, during the same peril 
time. The power factor of a non-inductive circuit, or 
inductive part of a circuit, is unity (i.oo, or lOo per cent); 
power factor of an inductive circuit is less than i.oo, ei 
under certain conditions as stated hereafter. 

„ , kilowatts 

Power factor = - 



■ly, 

Reactive factor = - 



apparent kUovolt-ampereB 



kw. = (apparent kv-a.) X (power factor) 
or apparent kv-a. = kw. -i- power factor. 

When various loads are connected together either in series of 
in parallel, the total power that must be carried or delivered by 
the supply mains or by the generator, and the total power factM. 
may be found as follows: J 



Total apparent kv-a. = V(totaI kw.)° + (total reactive kv-<B 

Total kw. is the algebraic sum of the kw. in each individiiff 
load or part of the circuit, power consumed being considered as 
positive and power generated as negative. 

Total reactive kv-a. is the algebraic sum of the reactive kv-a. 
in each individual load or part of the circtiit, leading reactivt 
kv-a, being considered as positive and lagging reactive kv-a. as 
negative. 

„ . , total kw. 

Total power factor = - 
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Higher power factor is usually desired because it indicates a 
reduction in the amount of volt-amperes (and therefore in the 
size and cost of apparatus) required to handle a given amount of 
real power (watts). Hi^ power factor (not exceeding i.oo) 
may be obtained in inductive circuits by making one or more 
of the loads ANTi-mDUCTiVE or condensive (so that they 
take leading reactive kv-a.)« Synchronous motors particularly 
are useful in this way; when the field magnets are strengthened 
^ey tend to draw leading reactive kv-a., and when the field 
magnets are weakened they tend to draw lagging reactive kv-a. 
When lagging and leading reactive kv-a. are drawn in equal 
amounts from the same line, the power factor of the line is unity 
(x.oo); the reactive power merely circulates between the in- 
ductive and the condensive loads, and none of it is drawn from 
the generator or line. 



PROBLEMS ON CHAPtER IV 

Prob. 41-4. The ammeter shows that a certain generator is 
delivering 20 amperes. The voltmeter reads 230 volts. A watt- 
meter shows that 4 kw. are being delivered. What is the power 
factor of the load? 

Prob. 42-4. A certain single-phase induction motor operates at 
full load at 85 per cent power factor. How majiy amperes does it 
take from a 115-volt, a-c. line if the power taken is 1.3 kw.? 

Prob. 4S-4. A bank of incandescent lamps takes 8 amperes at 
ll2 volts. When a reactive dinmier is inserted in series, the circuit 
takes 4 amperes, at 70 per cent power factor. 

(a) What power is taken by the lamps when no dimmer is used? 

{b) What power is taken by lamps and dimmer? 

Prob. 44-4. A non-inductive dimmer is used to dim a bank of 
lamps which normally takes 12 amperes from a 110-volt line. The 
dinmier cuts the current down to 9.6 amperes; at this reduced cur- 
rent the resistance of the lamps is only 86 per cent of its former 
value: 

(a) HdV much power do the lamps take wten \Jaa dki;mv^T S&\^<:i\» 
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(6) How much power is taken by the lamps when the dimmeLr ^ 
used? 

(c) How much power is taken by the dimmer? 

(d) How much power is taken by the lamps and the dimmer caU*"' 
bined? 

Prob. 4&-4. If a reactive dimmer is used to reduce the cuneO* 
in the lamps of Prob. 44r-4: to 9.6 amperes: 

(a) How much power do the lamps take when the dimmer is used* 

(6) If the power factor of the lamps and the dimmer combined ft 
70 per cent, how much power (watts) do the lamps and the dimmeir 
together use? 

(c) How much power (watts) does the dimmer take when used in 
connection with the lamps? 

Prob. 46-4. During a working day of 24 hoiurs, the anmieter and 
voltmeter connected in circuit with a small single-phase motor 
driving a drainage pirnip, indicate steadily 10 amperes and 230 volto 
respectively. The watt-hour meter reading increases by 44.2 kilo- 
watt-hours during this time. Calculate the power factor at wliidi 
the motor operates. 

Prob. 47-4. A certain circuit carries 100 kw. at 75 per cent 
power factor lagging. How much leading reactive power must be 
drawn from the same circuit in order to raise the power factor to 90 
per cent? 

Prob. 48-4. A generator is supplying two induction motors in 
parallel which take 70 kv-a. each at 220 volts. Each has a lagging 
power factor of 80 per cent. What is the total kv-a. output of the 
generator? Total watts output? Power factor of the line? 

Prob. 4^-4. If one of the motors in Prob. 48 were replaced by a 
100-kv-a. synchronous motor with a leading power factor of 86 per 
cent, what would be: 

(a) The total effective power taken from the line? 

(6) The total apparent power? 

(c) The power factor of the line? 

Prob. 50-4. In order to improve the power factor of Prob. 48^ 
one of the induction motors is exchanged for a synchronous motor 
which carries the same load but takes a leading current. To what 
power factor must the synchronous motor be adjusted and what 
apparent power in kv-a. must the motor take in order to make the 
power factor of the line unity? 



•_A 
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Prob. 61-4. Compare the apparent power supplied by generator 
in Prob. 48 with that supplied in Prob. 50. What becomes of the 

difference? 

Prob. 62-4. An induction motor taking a lagging line current 
of 20 amperes with a power factor of 75 per cent is connected in 
parallel on a 220- volt line with a synchronous motor taking a lead- 
ing line current of 35 amperes with a power factor of 85 per cent. 
(a) What total apparent power do the two motors draw from the 
line? 
(6) What is the power factor of the line? 
Prob. 53-4. An induction motor takes a current of 24 amperes 
at a pressure of 220 volts. The power factor is 0.866. What is the 
angle between the effective and the apparent power of the motor at 
this load and how much power (watts) does it take? 

Prob. 54-4. A synchronous motor is taking a leading current of 30 
amperes at 220 volts. Power factor, 94 per cent. What is the angle 
between the effective and the apparent power of this motor under 
these conditions, and what power does it take? 

Prob. 55-4. If the two motors of Prob. 53 and 54 are put in 
parallel on the same circuit: 
(a) What current will flow in the line? 

(6) What will be the power factor of the power drawn from the 
line? 

(c) How much power will the line be delivering, assuming these 

two motors are alone on a short line? Use two methods to check. 

Prob. 56-4. What power would be taken from the 220-volt, a-c. 

line if the two coils of Prob. 5 and 6 were placed in parallel across 

the line? 

Prob. 57-4. What power would be taken from the 220-volt line 
of Prob. 56 if the two coils were placed in series across the line? 

Prob. 58-4. What would be the power factor of the power drawn 
from the line: 
(a) In Prob. 56? 
(6) In Prob. 57? 

Prob. '59-4. In a certain circuit the effective power is 400 kw. 
and the reactive power is 300 kv-a. What is the total or apparent 
power? What is the power factor? 

Prob^CCHL. (a) How many Teact[\ewo\\r2im'^T^^\S!i^^\iit\^^s^ 
by the dimmer of Prob. 45-4? 
(3) At what power factor ia the dimmer itaeAi opeT^\;\xv^ 
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Prob. 61-4. Solve Prob. 50-4 on the assumption that we raise 
the line power factor to 0.95 instead of to 1.00, by means of the 
synchronous motor. Solve again, assuming we raise line power 
factor to 90 per cent. Notice the relative increase in size (apparent 
kv-a.) of synchronous motor required for each 5 per cent increase of 
line power factor and, assuming that the cost of such motors is 
directly proportional to the apparent kv-a. which they must take, 
discuss the advisabiUty of attempting to raise the line power factor 
clear up to 100 per cent. 

Prob. 62-4. A 200-kv-a. synchronous motor is to be operated 
at various power factors (by adjusting the field current), but always 
it must drive such a load as will cause the total apparent kv-a. inpui 
to have full rated value (200 kv-a.). For each 10 per cent chaiig< 
of power factor from 0.10 to 1.00, calculate the power (watts), tb< 
reactive kv-a., and the arithmetic siun of these two quantities 
From this information, decide what power factor you would prefe: 
to operate your synchronous motor at, in order to get the greates* 
total effect (ability to carry real power load plus ability to correc' 
poor power factor) for the investment of money which you have ii 
this motor. 

Prob. 63-4. Synchronous converters, or "rotaries," give highes 
efficiency, greatest capacity and least trouble when the field excita 
tion is adjusted so that they take their alternating-current powe 
from the line at 100 per cent power factor. A 500-kw. converter & 
adjusted is connected to a central station which already has a loa< 
of 1200 kw. at 70 per cent power factor. What is the resulting powe 
factor at the station, and the increase in total kv-a. output of th 
generators? 

Prob. 64-4. What is the least (apparent) kv-a. rating of an an 
generator which could supply the following loads all connected t 
the same circuit or mains: 200 kw. in incandescent lamps, 300 k? 
to induction motors at 0.80 power factor lagging, 150 kw. to ar 
lamps at 0.70 power factor lagging, and line loss equal to 10 per cei 
of the total load (kw.), at 0.90 power factor lagging? 

Prob. 6&-4. If the least power factor at which a synchronoi: 
motor can operate (carrying no real load and serving merely to rais 
the line power factor, or acting as a "synchronous condenser") is 1 
per cent, what must be the least (apparent) kv-a. rating of such a syr 
chronous motor added to the system of Prob. 64-4, in order to rais 
the power factor of the total load on the genetaVwa \o \Qft ^t <«sd;J 
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CHAPTER V 

CUERENT AND VOLTAGE RELATIONS IN SERIES 
AND IN PARALLEL CIRCUITS 

The power taken by a combination of electric appliances 
can be determined best, as we have seen, by means of vector 
diagrams. The same method is used to determine the 
amount of current and voltage in any part of a series or 
paraflel combination of appliances. 

42. Vector Diagram of Current. When we wish to 
represent 2200 volt-amperes at 85 per cent lagging power 



\ 



Effeetiye Power 1870 wkCIs 







Fig. 74. Vector diagram showing power relations in circuit taking 1 
ampere at 2200 volts, or 10 amperes at 220 volts, with power factor 
85 per cent. 

factor, we have seen that we may construct a diagram like 
Kg. 74. We consider the apparent power AC to be made. up 
of two components, the effective power AB and the reactive 
power BC. We represent the idea of lagging by drawing the 
apparent power vector AC at an angle to AB in such a manner 
that it lags behind AB when the direction oi \Jafe T^\a.\l\^\5L ^ 
the diagram ia taken into consideratioB.. TYift "^"^^^ \a.^<3t 
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114 ESSENTIALS OF ALTERNATING CURRENTS 

is represented by the fraction which the length AB is of t 
length AC, This fraction is always 0.85 when the ang 
between AB and AC is 32°. 

If now we divide each of these power quantities by th 
voltage, we shall have remaining the current part of eacl 
power quantity. Thus if we assume that the voltage is 221 
volts and divide the apparent power of 2200 volt-amperes b> 
220 we obtain 10 amperes. Since this current is a factor oi 
the apparent power, we will represent it by the vector AC i^ 



Active Component 8.5 amp, 



B 




Fig. 75. Total or indicated current in a circuit may be analyzed into 
components just as the apparent power was analyzed in Fig. 74; each 
vector here equals corresponding vector there divided by the line 
voltage. 



Fig. 75 which corresponds to the vector of apparent power 

AC in Fig. 74. Similarly divide the effective power 1870 

watts by 220 and we have the current 8.5 amperes, which is 

-he current part of the effective power. This we will repre- 

ent by the vector AB in Fig. 75, corresponding to the vector 

B of Fig. 74. In the same way, vector BCj 5.3 amperes, in 

ig. 75, corresponds to the vector BC of Fig. 74 and repre- 

nts the current part of the reactive volt-amperes. It is 

md by dividing the reactive power 1166 volt-amperes by 

) volts. Note that Fig. 75 is exactly like Fig. 74, each 

^or representing current instead oi power aaA. e:&^^Da?9- 



r:. 
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ing a value ^^ of the value of corresponding power vector. 
Just Bs the vector AC of apparent power is thought of as 
consisting of the two components, AB, the effective power, 
and BCf the reactive power, so the vector of indicated cur- 
rent, ACf is thought of as consisting of the two component 
:j vectors AB, the active or power component of current, and 
BC, the reactive component of current.* 

Similarly, just as in Fig. 74 the vector BC of reactive volt- 
amperes is dravm downward at an angle of 90° to the vector 
A-B of effective power, so in Fig. 75 the vector BC of re- 
active current is drawn downward at an angle of 90° to the 
vector AB of active current. 

We have thus divided the current into two components, 
the active or power component and the reactive component, 
which are represented by' vectors at 90° to each other. 

The same relation exists between these current components 
and the indicated current, as between the two power com- 
ponents and the apparent power. 

Thus, • 

Power component of current = Current X Power factor, 
or 

AB = AC X power factor 
= 10 X 0.85 
= 8.5 amperes; 
and 

Reactive component of current = Current X Reactive factor, 

or 

BC = AC X reactive factor 

= 10 X 0.53 

= 5.3 amperes; 
and 

Indicated current = V(Active current)^ + (Reactive current)^ 
* Sometimee (incorrectly) called the loaUless cooi^oTkeoX. ^^^ ^\a::w3c^. 
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or 



AC = VAB^ + BC^ 

= V8.52 + 5.3« 

= VlOO (approx.) 
= 10 amperes. 



Draw rough diagrams and solve the foUowing: 

Prob. 1-6. A single-phase induction motor with lagging ] 
factor of 82 per cent takes 48 amperes. What is: 

(a) The active component of current? 
(6) The reactive component of current? 
(c) The angle of lag between the current in the line and the j 
component of current? 

Prob. 2-6. If the pressure on the motor of Prob. 1 is 230 
what is: 

(a) The effective power? 
(6) The reactive power? 
(c) The apparent power? 

Prob. 3-6. A group of incandescent lamps takes' 12 am 
What is: 

(a) The power component of current? 
(6) The reactive component of current? 
(c) The angle of lag of the current in the lamps behind the 
component? 

Prob. 4-6. A bell on the 6-volt side of a bell-ringing transf 
takes 0.64 ampere at 70 per cent power factor. 

(a) What is the power component of the current? 
(6) What is the effective power? 

(c) What is the apparent power? 

(d) Compute the reactive component of current. 

(e) What is the reactive power? 

Prob. 6-6. A single-phase motor takes a current of 32 an 
which lags 20° behind its active or power component: 

(a) What is the power component of current? 
(h) What is the reactive component? 
^ What is the power factor? the xeaftlVj^ l«jctot*t 
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Prob. 6-5. If the motor of Prob. 5 operates on 1 15 volts^ what is : 

I (a) The effective power? 
(h) The apparent power? 

(c) The power factor? 

(d) The reactive power? 

Prob. 7-5. If we put an ammeter in one of the leads of the motor 
ni Prob. 5, what current would it indicate? 

^* Current in Series and in Parallel Circuits. 

(1) Series circuits. A series circuit is one in which aU 
the electrical devices are arranged in tandem. Consider the 
simple series circuit of Fig. 76, consisting of an ammeter A, 



IS Amp, 




_ ♦— AAAAAW — •— nrawwar — > 

L B R X 

^0. 76. Each part of a series circuit carries the same current which 
flows through every other part, regardless whether it is a-c. or d-c. 

a lamp L, a bell B, a resistance piece R and a reactance piece 
-?• If we find that an alternating current of 1.5 amperes 
flows through the ammeter, we know that an alternating 
Current of 1.6 amperes flows through the entire circuit. The 
W is exactly the same as the law for a direct current flowing 
through a series circuit. 

The alternating current flowing through each part of a series 
circuit is the same as that which flows through every other part 

(2) Parallel circuit. In a parallel circuit the electrical 
devices are so arranged that the current is divided among 
them. Consider the parallel circuit of Fig. 77, consisting of 
two induction motors M and S in parallel across the line. 
The motor M has a lagging power factor of 70 ipet ii^TA» ^sA 
the current through it as indicated by the aDa3aiei\je£ ^ \a> ^^ 
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amperes. The motor S has a lagging power factor of i 
per cent and the current through it as indicated by tl: 




Fig. 77. Eich of several circuits in parallel receives the same vohag 
the line current is the vector sum (not the arithmetic sum) of the cU 
rents in the branches. 

ammeter G is 30 amperes. How much is the line current i 

indicated by the line an 



As 



30 amp. of Motor ^ 




Fig. 78. We may consider that 
two 'currents flow in S, Fig. 77, 
at the same time; namely 28.5 
amp. in phase with line voltage 
and 9.4 amp. at 90°. Their result- 
ant is the 30 amp. as indicated. 



meter? 

(1) Construct rough cir 
rent diagram, Fig. 78, f< 
motor S. 

By Table I: 

Indicated current vect< 
AsCs lags 18** behind a 
tive current vector Asl 
when the power factor is i 
per cent lagging. The rea 



tive factor is 31.2 per cent for 95 per cent power facto 
Thus, 

Power current AsBs = 0.95 X 30 = 28.5 amp. 
Reactive current BsCs = 0.312 X 30 = 9.4 amp. 



{2) Construct rough current diagram, Fig. 79, for moto^^ J 
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I 



ActtTO Component 
. U amp. 



By Table I: 

Apparent current vector A^Cm lags 46° behind the active 

current vector AmBmi when the power factor is 70 per cent 

lagging. The reactive factor is 71.4 

per cent for a 70 per cent power factor. 

Thus, 

Power current 

AmBm = 0.70 X 20 = 14.0 amp 
Reactive current 

^mCm = 0.714 X 20 = 14.3 amp. 

(3) Construct rough diagram, Fig. 

, for the line current feeding the 
parallel combination of motors Af and 
S, as follows: 

The vector Aifii, represents the 




Fig. 79. The 20 indi- 
cated amperes to Af , 
Fig. 77, consists of 
14 amp. in phase 
with line voltage, 
and 14.3 amp. at 90** 
to it. 



power component of the Une current 

and is equal to the sum of the active components of motors 

JIfandiS. 



14 amp-.. 




Fig. 80. line ammeter in Fig. 77 indicates resultant of total active 
current to both M and 5, and total reactive current which is at 90°. 
This resultant is AlCl = 48.6 amp. 



AlD = AsBs (Fig. 78) = 
DBl = AmBm (Fig. 79) 



28.5 amp. 
= 14 amp. 
= 42.5 amip. 
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Similarly, the vector BlCl, Fig. 80, represents the reactiv© 
component of line current feeding the two motors. 

BlF = BsCs (Fig. 78) = 9.4 amp. 
FCl = BmCm (Fig. 79) = 14,3 amp. 
BlCl — BsCs + BmCm — 23.7 amp. 

The vector Ai/Jl, Fig. 80, must, therefore, represent the 
indicated Une-current since it represents a total current of 
which AiJBl is the power component and BjjCi, is the reactive 
component. 

AlCl = V Al^l^ + BlC Z^ 
= V42.52 + 23.72 

= V2368 
= 48.6 amp. 

The line ammeter in Fig. 77 would, therefore, indicate a 
line-current of 48.6 amperes. 




Fig. 80a. The 20 amperes of ilf , Fig. 77, is added vectoriaUy to the 
30 amperes of S which is in parallel, to obtain the line current. 

This line current of 48.6 amperes as found above is actually the 
combined currents of 30 amperes of motor S and 20 amperes of 
motor M, Since these two currents have different power factors it 
is necessary to add the 30 amperes and the 20 amperes vectorially 
and not arithmetically. The vector AlClj Fig. 80, therefore repre- 
sents the vectorial sum of the vectors AsCs of Fig. 78, and Aji^Cm 
of Fig. 79. 

Tills can be seen more clearly if we construct Fi^. 80a, in ^urbich 
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^ vector AsPs drawn at a lagging angle of 18® to the horizontal, rep- 
resents the 30 amperes of motor S ai & lagging power factor of 95 
per cent. The vector AmCm drawn at a lagging angle of 46° to the 
horizontal represents the 20 amperes of motor Af at a lagging power 
factor of 70 per cent. To add the two vectors AsPs ^^^ ^m^m we 
merely attach the tail of one vector to the head of the other, keeping 
them both at their respective angles to th^ norizontal. The vector 
sum of the two will then be represent<^I by the vector drawn from 
ihid tail of the first to the head of the last vector. Vector A^^ in 
Fig. 80b is so drawn and represents the vector simi of A^s and 



Fig. 80b. Note that the vectorial sum of currents to M and S in paral- 
lel, Fig. 77, is always less than the arithmetic sum unless the power 
factors of M and S happen to be equal. In such case vector AmCm 
would be in same straight line with Ae/Cb* 

To find the niunerical value of this vector AsCj^ we may complete 
the triangle AifijjCjj of Fig. 80c in which the vector Ajfij^ is the 
same as the vector AsPm o^ ^g- 80b. 

The triangle of Fig. 80c is exactly the same as the triangle of 
Fig. 80, and can be solved in the same way. In Fig. 80 we con- 
structed the triangle from the active and reactive components only 
of the motor currents, while in Fig. 80c we have drawn in the total 
motor currents first and then resolved them into their active and re- 
reactive components. Of course the results would be the same. 

The rule for finding the current in a paraM (iornVm^Ni^-^ 
may he stated as follows: 
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(1) Resolve the indicated current taken by each appliance int» 
its active and reactive components. < 

(2) Add (algebraically) the active components together and 
the reactive components together. 

(3) The indicated current in the parallel combination eqpuds 
the square root of tke simi of the squares of the total active 
component and the totcj reactive component. 




Fig. 80c. Showing how Fig. 80b, as usually drawn, is really derived 

from Fig. 78, 79 and 80. 

Prob. 8-6. What is the power factor of the line current in Fig. 

77? 

Prob. d-6. What line current would the ammeter in Fig. 77 indi- 
cate if the power factor of motor S were 95 per cent lagging? 

Prob. 10-6. If the power factor of motor M, Fig. 77, were 50 per 
cent lagging and of motor /S, 90 per cent lagging, what current would 
the line ammeter indicate? 

Prob. 11-5. How much current would the line ammetec indi- 
cate if the power factors of both motors in Fig. 77 were leading in- 
stead of lagging? 

Prob. 12-6. If the power factor of motor 5, Fig. 77, were lagging 
and of motor M were leading, what current would flow in the line? 

Prob. 13-6. Two motors are in parallel on the same transformer. 
Motor No. 1 draws 50 amperes at 80 per cent lagging power factor 
and Motor No. 2 draws 75 amperes at 90 per cent leading power 
laotoT. What current flows in the secondary coil of the transtormer? 



.cei 
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Pro6. 14^8: What is the power factor of the secondary current 
of the taunsformer in Prob. 13-5? 

Prob. 16-6. How much current would flow in the transformer 
secondary if the power factor of Motor No. 1, Problem 13, were lead- 
ing and it the power factor of Motor No. 2 were lagging? 

Prob. 18-6. A certain house has twenty 50-watt, 114-volt 
Mazda lamps and a motor taking 520 watts at 65 per cent power 
fftctor. How much current do the main leads carry into the house 
when all appliances are being used? 

44. Vector Diagram of Voltage. Just as alternating 
currents and alternating-current power are represented by 
vector diagrams, so also we niay represent alternating volt- 



Effective Power 1870 watts 



>lB. 




Fig. 81. Vector diagram showing power relations in circuit taking 1 
ampere at 2200 volts, or 10 amperes at 220 volts, with power factor 
85 per cent. 

age. Thus Fig. 81 is the power vector diagram for 2200 
apparent volt-amperes at 85 per cent lagging power factor, 
the vector AB representing the true power of 1870 watts and 
BC the reactive power of 1166 volt-amperes. If we assume 
10 amperes to flow, then the voltage of the apparent power 
must be ^^^, or 220 volts, the voltage of the effective power 
^i^, or 187 volts, and the voltage of the reactive power -4^^> 
or 116.6. volts. The voltage of the apparent ipo^^x \s» ^^<^4l 
tiie indicated voltage because it is the voVtagei '^\>as3si ^ nO^ 
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Prob. 2d-6. Two .coils of 60 per cent power factor each 
joined in series. The voltage across each is 14 volts. What is 
voltage across the combination? 

Prob* 3(^-6. What would be the voltage across the series con^ 
bination of Prob. 25-5 if the bell were replaced by a condenaei? 
taking the same voltage but with a leading power factor of 70 p» 
cent? 

46. Similarity of Diagrams for Powery Current and 
Voltage. It will be noted from the foregoing paragraphs 
that the vector diagrams for power, current and voltage are 
exactly similar. All are right triangles, having the apparent 
(or indicated) values as the hypothenuse, and the active (or 
effective, or power) components at right angles to the re- 
active components. 

Note particularly that in every case of lagging power 
factor in the power diagram and the current diagram, the 
reactive vector is drawn downward at an angle of 90° to the 
active or power vector. In the voltage diagram it is drawn 
upward. When the power factor is leading, the reverse is 
true. 

In all cases. 

The effective (or active) component 

= apparent (or indicated) value X power factor. 
The reactive component 

= apparent (or indicated) value X reactive factor. 

The apparent (or indicated) value always equals the square 
root of the smn of the squares of the active and reactive 
components. 

47. Do not Resolve Both the Voltage and Curreat 
Vectors into Active and Reactive Components. While it 
is possible to resolve either the current or the voltage into 
their active and reactive components, no advantage is gained 

lo resolving both the voltage and current oi a sta!^^ T^^xofeteio 
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This apparent or indibated voltage of 220 volts with a lagging 
power factor of 85 per cent, or having an active component lagging 
32°, may be likened to a 220-lb. pull on a car, at an angle of 32° to 
the direction in which it is desired to move the car. The active pull 
in the desired direction would be only 187 lb. This is shown in 
Fig. 82a, in* which the vector AC represents the apparent or indi- 
cated pull on the car, but at an angle of 32° to the proper direction. 
The vector AB of 187 lb. represents the active component of this 
pull, since it is in the direction of motion, along the track. The 




Fig. 82a. If a car is pulled with 220 lb. at 32° to the track, only 187 lb. 
of this is active in producing motion along the track. The other com- 
ponent, of 116.6 lb., merely forces the car sidewise against the track. 

vector BC of 16.6 lb. represents the reactive component since it 
merely pulls the car sideways against the rails and not forward. 
Thus while there is a total or apparent pull of 220 lb. on the car 
there is only an active pidl of 187 lb., because of the angle at which 
the pull is acting. 

Thus the same relations exist among the indicated voltage, 
the active component of voltage and the reactive component 
of voltage as among the apparent power, the effective power 
and the reactive power. This may be stated as follows: 

The active component of voltage 

= Indicated voltage X power factor. 
In this case, 

AB = 220 X 0.85 

= 187 volts. 

The reactive component of voltage 

= Indicated voltage X teacAiN^ iw:X.Qt* 
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of 5 amperes. The vector AcBc represents the active 
component of the current, 5 X 0.80, or 4 amperes. Acfic 
is drawn lagging an angle of 37° behind AcBc because 
this angle corresponds with the power factor of 80 
per cent. 

The effective power always equals the product of 
the active component of current times the indicated 
voltage. Thus, 

Effective power = active component of current 

X indicated volts 
= (5 X 0.80) X 20 
= 80 watts. 



4 "amp. 





Fig. 89. Current diagram corre- Fig. 90. Voltage diagram corr&- 
spending to Fig. 88. sponding to Fig. 88. 

(3) Or we may resolve the indicated voltage of 20 
volts into its active and reactive components as in 
Fig. 90. The vector AyCy represents the indicated 
voltage of 20 volts. The vector AyBy represents the 
active component of voltage, 20 X 0.80, or 16 volts, 
in phase with the current, and is drawn lagging by an 
angle of 37° behind AyCy because the angle of 37* 
corresponds with this power factor. The current and 
the active component of voltage AyBy lag 90° behind 
ByCvj which is consumed in overcoming the back 
voltage produced by inductance. 
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The eflFective power always equals the product of 
the active component of voltage tunes the indicated 
current. Thus, 

Effective power = active component of voltage X 

indicated current 
^ ^20 X 0.80) X 5 
= 80 watts. 

(1) Note that we may multiply the indicated volts 
by the indicated amperes and obtain the apparent 
power. This multipUed by the power factor gives us 
the effective power. Or, 

(2) We may multiply the indicated current by the 
power factor and obtain the active component of 
current. This multiphed by the indicated voltage 
gives us the effective power. Or, 

(3) We may multiply the indicated voltage by the 
power factor and obtain the active component of 
voltage. This xnultipUed by the indicated current 
gives usHJIe~^pdctive power. 

Thus we either, multiply the active component of current 
by the indicated voltage, or the active component of voltage 
by the indicated current. We never use the active compo- 
nent of current and the active component of voltage in the 
same equation. 

48. Real Meaning of Lead and Lag. Phase. The 
reason why we do not use the active component of current 

and the active component of voltage in the same equation 

may be explained as follows. 
The voltage (20 volts) of the preceding example is being 

used to force a current of 5 amperes through an appUance. 

But the only power consimied by the appliance is the power 

consumed by the active component of the 20 volts in f OYciw^ 

the current through the appliance. The xeniamdeT o\ >Ja^. 



,. ,'j.j 
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power is returned to the line in the same way that a flywheel; 
using up only the power necessary to overcome the resistance 
to motion, returns the rest of the power to the engine to cany 
it over the dead centers. 

Therefore, although the 20 volts was forcing 6 amperes 
through the appUance, the active component 'of voltage con- 
sisted of only 20 X 0.80, or 16 volts. Thus only 16 X 5, or 
80 watts of power was being used. The reactive power repre- 
sented by the product of the reactive component of voltage 
(12 volts) times the current, or 12 X 5 = 60 volt-amp., was 
returned to the line. 

For this reason it is customary to represent the current and 
voltage conditions by a current diagram like Fig. 91, when a 
current of 5 amperes is forced through a circuit by a pressure 




■i>Co 



Fig. 91. Five amperes current at 20 volts pressure at 80 per cent power 
factor, the current lagging behind the voltage. 

of 20 volts with a lagging power factor of 80 per cent. Since 
the angle corresponding to 80 per cent is 37°, we draw the 
current vector ACc representing 5 amperes lagging 37° be^ 
hind the voltage vector ACy representing 20 volts. It is not 
even necessary to draw them both to the same scale. 

We then resolve the voltage into its two components as in 
Fig. 92, ABv representing the 16 volts active component of 
voltage and ByCv representing the reactive component of 
voltage. 
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Since the vector representing active component of voltage, 
By, lies along the same Une as the indicated current vector 
Ccy we say that the active component of voltage is in phase 
ith the (indicated) current, and the power consumed is only 
aat power represented by the product of the current and as 
luch of the voltage as is in phase with the current. 




J>C^ Samp. 



Fig. 92. Voltage resolved into its active and reactive components. 

Compare Fig. 91. - 

Thus the effective power in this case equals the product 
of the indicated current (5 amperes) times that component 
of the voltage which is in phase with the current (16 volts), 
that is, 16 X 5, or 80 watts. 

The reactive component of voltage is represented by a 
vector ByCy drawn up at right angles to both the power 
component of voltage and the indicated current ACc- The 
reactive volt-amperes then equals the product of the indicated 
current times this reactive component of voltage. In this 
case the reactive power equals the product of the indicated 
current (5 amperes) times the reactive component of voltage 
(12 volts), that is, 5 X 12, or 60 watts. 

This phase relation of the current to the voltage when the 
power factor is 80 per cent lagging can also be represented as 
^ Kg. 93. Note that the voltage starts at zeTO,^o^^ \.o ^ 
^^^^^^ximum, dies out to zero again, grows to a insjxmi\>iCLxm 
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the opposite direction and dies to zero again. The curreD 
curve goes through an exactly similar cycle. But note tha 
at all times the values of the current are 37^ behind tk 
corresponding values of the voltage because we have seer 
from Table I that the current lags 37® behind the voltage 




Fig. 93. Current reaches its maximum value (b) 37** (or -f^ of th 
time required for one complete cycle) after the voltage has passed it 
maximum value (a) in the same direction through the circuit. Thi 
corresponds to a power factor of 80 per cent lagging. 

when the power factor is 80 per cent lagging. Thus th 
current curve does not start up from zero until the voltag 
curve has gone through 37° of its cycle. The current doe 
not become zero again until 37° after the voltage has becom 
zero. Similarly, the current does not reach its maximuD 
values until 37° after the voltage has reached its maximuD 
in the same direction as shown at (a) and (6). This metho< 
of representing a current lagging behind a voltage gives 
little clearer mental picture of what lag means but is not s 
useful for obtaining derived numerical values, such as of powei 
A leading current is represented in the same way excep 
that the current curve is drawn so that it reaches its value 
ahead of, instead of behind, the corresponding values of th 
voltage. 
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Prob. 31-^6. (a) Represent by diagrams similar to Fig. 92 and 
^ the current and voltage relations in an appliance through which 
110 volts forces a current of 18 amperes at 94 per cent lagging power 
factor. 

(J)) What is the apparent power? i 

(c) What is the effective power? ( 

Prob. 32-6. Repeat Prob. 31-5 with TT leading power factor of 

M per cent. 

Prob. 33-6. In a certain reactive dunmer the current of 10 
amperes lags practically 90** behind the pressure of 60 volts. 

(a) Draw diagrams of these conditions, similar to Fig. 92 and 93. ' 
State the power factor and the reactive factor. ' 

(6) Compute the apparent power. 

(c) Compute the effective power. 

(d) Compute the reactive power. 

Prob. 34-6. (a) Represent the conditions in a Mazda lamp cir- 
cuit taking 6 amperes at 112 volts, by diagrams similar to Fig. 92 

and 93. 

m Compute the apparent power. 
(c) Compute the effective power. 
M Compute the reactive power. 

Prob. 36-6. An induction motor takes 5 kw. at 220 volts and 70 
per cent lagging power factor. Represent the conditions by dia- 
grams similar to Fig. 92 and 93 and compute: 

(o) Apparent power (volt-amperes). 

(6) Indicated current. 

(c) Reactive power (volt-amperes). 

Prob. 3^6. Repeat Prob. 35-5, using a leading power factor of 92 
percent. 

49. Relation of fhe Induced Back Voltage to the Im- 
pressed Voltage. It will be remembered that the voltage 
applied to the primary coils of a transformer may be divided 

• 

into two parts as stated in paragraph 27, one part being 
lieeded to overcome the induced back voltage, the other part 
being used to overcome the resistance of the primary coils. 
The voltage necessary to overcome the Tesistanc^ \9» ^OTCir 
posed entirely of active voltage. The induced \>ac\L Ndi^aJ??^ 
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companents of the total voltage are at right angles to each other; 
therefore, 

Indicated total voltage = 

v(sum of active components)'' + (sum (rf reactive components)'. 

_ . . , ^ , - -. sum of active components 

Power factor of whole circuit = — : — ; • 

mdicated total voltage 

In PARALLEL CIRCUITS, each of the parallel parts receives 
the same voltage, but the currents is these parts must he added 
together by a vector diagram to find the total or indicated cur- 
rent in the mains. Multiply the indicated value of current in 
each path by the power factor of that path, and add together the 
active components of current so obtained to find the active 
component of the total current. Multiply the indicated value 
of current in each path by the reactive factor of that path, and add 
together the reactive components so obtained to find the reacfivi 
component of the total current. Then, 

Indicated total current =^ 

V (sum of active components)^ + [sum of reactive components) 
if active components 



Power factor of whole circuit = ■ 



indicated total current 






In making these summations, an active component of current 
or voltage or power is considered as positive when it is gener- 
ated in or supplied to the circuit, and as negative when it is 
consumed by or dissipated in the circuit. Similarly, a reactive 
component is considered as positive when it is lagging, and as 
negative when it is leading. It is the oppositeness of these 
signs which is of greatest significance. 

When two alternating currents, or two voltages, or a current 
and a voltage, reach their maximum values in the same direction 
at the same instant, and their zero values at the same instant, 
then these two quantities are said to be IN PHASE with each 
other. Thus, a circuit has loo per cent power factor when the 
voltage and the current are in phase with each other. When 
quantities are in phase with each other, the vectors representil 
ttiem are in line with each other, and pointing in the s 



sentil^ 
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PROBLEMS ON CHAPTER V 

Prob. 37-6. (a) What total effective power is being delivered 
to the two motors in Fig. 77? Line volts = 220. 

(b) What total apparent power? 

(c) What is the total power factor of the power dehvered to the 
motors, and how does it compare with the power factor of the line 
current as found in Prob. 8-5? 

Prob. 38-6. If motor M of Fig. 77 takes 15 kw. at 220 volts with 
a lagging power factor and motor S takes 20 kw. with a leading 
power factor, what total effective power do they both take? 

Prob. 3^6. What total apparent power do the motors of Prob. 
38 take from the line? 

Prob. 40-6. What current flows in the line in Prob. 38? 

Prob. 41-6. If motor M in Fig. 77 takes 15 kw. at 440 volts with 
lagging power factor of 70 per cent, at what leading power factor 
must motor S operate in order to draw 18 kw. from the line and pro- 
duce unity power factor for the combination of the two motors? 

Prob. 42-6. What is the impedance of the beU in Fig. 83 if it 
draws 1.2 amperes from the line? 

Prob. 43-6. The impedance of the coil in Fig. 83 is 6 ohms. 
How much current does the combination of the bell of Prob. 42 and 
the coil draw from the line, the power factors being as indicated in 
Fig. 83, and both lagging? 

Prob. 44-6. The bell in Fig. 76 has an impedance of 15 ohms, 
the lamp 12 ohms, /2 = 8 ohms, and X = 20 ohms. The power 
factor of the bell is 70 per cent, of Ry unity, and of X, 25 per cent. 

(a) What is the voltage across L? 

(6) What is the voltage across B? 

(c) What is the voltage across R? 

{d) What is the voltage across X? 

Prob. 46-6. What is the total voltage across the series combi- 
nation of Prob. 44? 

Prob. 46-6. What apparent power is consumed by each of the 
appliances in Prob. 44? 

Prob. 47-6. What is the total effective power consumed by the 
series combination of Prob. 44? 

P^ob. 48-6. What k the power factor ol tti^ ^ene^ ^^\x^\aa5^<3^ 
of Prob. 44-5? 



■-- - - -- . 
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The power factor of a series may be adjusted to unity or to any 

desired value, by using some condensive reactance to comp^a- 

Bate excessive inductive reactance if necessary, or vice versa. 

< An over-excited synchronous motor or any device which takes 

leading current may be said to ofier condensive reactance. 

To find the TOTAL IMPEDANCE and TOTAL POWER FACTOR 
of a number of parts arranged in parallel, proceed as follows; 

First, assume that some particular voltage is impressed on all 
the parallel parts; usually this is taiien as i volt, but the results 
will be the same if any value is chosen. From its impedanca 
find how many amperes each part will be forced by this voltage . 
to carry. 

Second, find total current for all parts in parallel, by method 
explained in Chapter V. Thus, 

Total current in parallel combination = 
V(sumofpower components}" + fsujn of reactive components) ". 
Then, 

Impedance of parallel combinatioa 

voltage applied 



total current in combinatioitj 
Power factor of parallel combination 

_ sum of power components 
total current in combinati( 



loo^H 

°4 



Power factor of a parallel combination may be adjusted to 
desired value in same way as for series combinatioa. 

Change of frEQUEHCY changes the indoctive ReactAHCS 
in DIRECT PROPORTION. This is not so when the reactance 
is condensive. The resistance remains uacbanged for all 
ordinary values of frequency. 

An alternating current or voltage passes regularly through 
various mSTANTAHEODS VALUES between zero and the 
MAXIMUM VALUE. When the value is stated in amperes 
or in volts without qualification, we mean the effective 
VALUE which would be indicated by a correct ammeter or 
voIOneter. The effective value of any alieroA.\i-ci% cuit^nt is the 
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Prob. 66-5. What power is consumed by each appliance in Prob. 
Prob. 67-5. What is the power factor of the line current in Prob. 



Prob. 68-5. Two voltages are impressed upon a circuit, in series. 
One voltage is 140 volts and lags 35** behind the other, which equals 
201 volts. What is the voltage across the circuit? 

Prob. 6^6. Two alternating currents are flowing in parallel 
branches of a circuit. The first equals 42 amperes, the second 
equals 20 amperes and lags 35^ behind the first, (a) What is the 
resultant of the two currents? 

(6) What is the phase relation between the resultant current and 
*he first current? 

Prob. 70-6. K the voltage across the parallel circuits in Prob. 69 
^110 volts and is in phase with the resultant current, find: 

(a) Power in branch carrying the 42 amperes current. 
{h) Power in branch carrying the 20 amperes current, 
(c) Total power in parallel circuit. 

Prob. 71-6. How many volts are necessary to force 25 amperes 
^temating current through 8 ohms resistance? 

Prob. 72-6. (a) How many watts are consumed in resistance of 
Prob. 71? 

(6) How much direct current would be necessary to' cause same 
seating effect as this alternating current, in the same circuit? 

Prob. 73-6. If a coil of 8 ohms inductive reactance and of neg- 
%ble resistance is used instead of the resistance of Prob. 71 : 

(a) How many volts are necessary to force 25 amperes through it? 
(6) How many watts are consumed by the coil? 

Prob. 74-6. A generator is to deliver 80 amperes at 110 volts to 
supply power to incandescent lamps, which are non-inductive. If 
the line wires have 0.4 ohm resistance and 0.2 ohm reactance, what 
must the brush voltage of the generator be? 

Prob. 76-5. What voltage is lost in the line of Prob. 74-5? 

Prob. 7^6. A s3mchronous motor takes a leading current of 45 
amperes when the fields are over-excited. An induction motor takes 
a lagging current of 85 amperes. Power factor of synchronous 
motor is 0.90; of induction motor 0.80. If the two motors are 
operated in parallel on a. 110-volt line, what c\meii\i dioe^ ^^Ti^e^^^t 
suppIyF 
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Prob. 77-5. What is power factor of load on generator in Prob. 76? 

Prob. 7&-6. Prove, by aid of a vector diagram, that if each of a 
number of loads connected in parallel has the same power factor, 
the power factor of the total load in the mains has the same value, 
and the total current in the mains is the arithmetical sum of ail the 
load currents. 

Prob. 7^5. Extend the proof of Prob. 78-5 so as to include series 
circuits. 

Prob. 80-6. An alternating-current generator which was de- 
livering 200 kv-a. at 70 per cent power factor lagging to a load of in- 
duction motors, had its power factor raised (while still delivering 
200 kv-a.) to 95 per cent by adding an over-excited S3aichronous 
motor to the line. Calculate: 

(a) Apparent power (volt-amperes) taken in by the sjmchronous 
motor. 

(6) Power (watts) taken by synchronous motor. 

(c) Power factor of synchronous motor. 

Prob. 81-6. An incandescent lamp in series with a choke coU 
carries alternating current. The voltage across the lamp is llO 
volts, across the coil 110 volts and across the two in series it is 16^ 
volts. 

(a) What is the power, factor of the coil? 

(6) What is the power factor of the lamp and coil together? 

Prob. 82-6. If the lamp in Prob. 81 is consuming 60 watts, how 
many watts is the coil consmning? 

Prob. 83-6. An alternating-current generator supplies three 
feeders, one of which takes 100 kw. at 0.80 power factor, another 200 
kw. at 0.85 power factor and the third 150 kw. at 0.95 power factor, 
all lagging. What load, in kw. and in kv-a., is the generator de- 
livering, and at what power factor? 

Prob. 84-5. By what percentage would the current in the gener- 
ator of Prob. 83 be reduced if the circuit breaker on the first feeder 
were opened, the voltage of the generator being maintained con- 
stant meanwhile by an automatic voltage regulator? 

Prob. 85-6. A soldering iron built for 110 volts and 3 amperes 
is to be used on a 220-volt circuit of the same frequency. What 
must be the impedance of a choke coil to be connected in series with 
the soldering iron so as to prevent the current exceeding 3 amperes, 
if the winding of the soldering iron is non-inductive and the choke 
coil has a power factor of 0.20? 
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aELATION BETWEEN IMPEDANCE, RESISTANCE 

AND REACTANCE 

Impedance diagrams may be drawn to show the relation 

between impedance, resistance and reactance, just as voltage 

diagrams are drawn to show the relation of the indicated 

voltage to its active and reactive components. Such dia- 

^ grams are often very convenient. 

60. Impedance Diagrams. Vector AC, Fig. 95a, repre- 
sents the indicated voltage across an appUance. Vector AB 




«0 Yolta, AoUv« 




iOhms 



FiQ. 95a and Fig. 95b. Impedance, resistance, reactance bear to each 
other exactly the same numerical relations as the corresponding sides 
of the voltage triangle ABC. If each side of the impedance triangle 
be multiplied by the number of amperes, we have the voltage triangle. 

represents the active component of voltage, and BC, the 
reactive component of voltage, where the power factor is 
80 per cent lagging, corresponding to a lag of 37°. If we 
assume the current through the appliance to be 10 amperes, 

then, 

rr,, . , indicated voltage 

ine mipeoance = 

'^ current 

= 5 ohms. 

149 '' 
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^, . ^ active voltage component 

The resistance = — 7 — 

current 

= 4 ohms. 

^, _ reactive voltage component 

Xiie reactance — . 

current 

= f» 

= 3 ohms. 

Note that just as 

Indicated voltage 

= V(active component)^ +. (reactive component)* 

= VW+W 
= 50 volts, 
so, also, 

Impedance = Vresistance^ + reactance^ 
= V42 + 32 
= 5 ohms. 

Thus, the 5 ohms impedance may be represented by the 
hypothenuse of a right triangle, the resistance (4 ohms) and 
the reactance (3 ohms) being represented by the other two 
sides, as in Fig. 95b. This diagram is merely the voltage 
diagram of Fig. 95a, drawn to a different scale. Each side of 
Fig. 95b represents the corresponding side of Fig. 95a divided 
by the number of amperes, 10. 

Note also that just as the angle between the lines repre- 
senting the power component of voltage and the indicated 
voltage is 37°, so the angle between the lines represei^ting the 
resistance and the impedance is also 37°. 

Similarly, just as the 

Active component of voltage 



Power factor = 



Indicated voltage 
= 80 per cent, 
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so the 

_ . ^ Resistance 
Power factor = :f -, 

Impedance 

= i 

= 80 per cent. 

And as 

« X « Reactive component of voltage 
j^eacuve i&cior — ' -r i* i i ii 

Indicated voltage 

= 60 per cent, 

so the 

« ^. ^ ^ Reactance 
Reactive factor = f j 

Impedance 

= 60 per cent. 

Therefore, if the impedance and the resistance of a piece, 
or the impedance and the reactance are known, the power 
factor may be found directly by dividing the resistance by the 
impedance, or the reactance factor may be found by dividing 
the reactance by the impedance and the corresponding power 
factor determined by reference to Table I, or by other means 
already explained. 

From the above, it can be seen that the same relations exist 
between impedance, resistance and reactance as between 
indicated voltage, active component of voltage and reactive 
component of voltage. Thus, 

Active component of voltage 

= indicated voltage X power factor 

and Resistance = Impedance X power factor. 

Reactive component of voltage 

= indicated voltage X reactive factor 

asJ ReActance = Impedance X reactive iac\.ot« 
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Construct impedance diagramsfor the following, and s 

Prob. 1-6. The resistance of a transmission line, includii 
turn wire, is 26 ohms. The impedance is 30 ohms. What i 
power factor of the line alone? 

Prob. a-6. What is the reactance of the line in Prob. 1-6! 

Prob. 8-6. How much voltage is required to force 8 am 
through the line of Prob. 1-6? 

Prob. 4-6. What power is lost in the line of Pfob. 3? 

Prob. 5-6. The 60-cycle impedance of a certam electric app] 
is 7 ohms, and the power factor 90 per cent. What is the resis 
of the appliance? 

Prob. 6-6. What is the reactance of the appliance of Prol 

Prob. 7-6. How much does the current lag behind the v< 
in a reactive dimmer, the resistance of which is 2 ohms and tl 
pedance 8 ohms? 

Prob. 8-6. Find the power factor and the reactive factor oi 
mer in Prob. 7. 

Prob. 9-6. How much power will the dimmer of Prob. "3 
sume when the voltage across it is 110? 

51. Impedance of Series Combinations. Finding 
impedance of a series combination is quite similar to fii 
the voltage across a series combination. The impedan 
each appliance is resolved into its resistance and reac 
components by multiplying the impedance of the appl 
by its power factor or its reactive factor. The smn o 
resistance components is found and the sum of the reao 
components. If these smns are now made the two legs 
right triangle the hypothenuse wiU represent the impec 
of the combination; or, 

Impedance of series combination = 

V(sum of resist, components)^ + (sum of react, compone 

Notice also that 
Power factor of series combination = 

sum of resistance components 
impedance of series comLbVnfiAioii 
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Example 1. A certain appliance No. 1 , having 12 ohms impedance 
and 4 ohms resistance, is put in series with an appliance No. 2 of 10 
ohms impedance with 90 per cent power factor. What is the im- 
pedance of the series combination? 

Solution. The power factor of the first appliance equals -jV ^ 33 
percent. 

From Table I the angle of 71® corresponds to a power factor of 33 
per cent and a reactive factor of 95 per cent. 

Construct Fig. 96, letting AC represent the impedance of 12 ohms 
and AB the resistance of 4 ohms. The angle of lag or the angle be- 





'^ iOhou - c. gOhiM 

Fig. 96 and Fia. 97. Impedance triangles for the two loads shown con- 
nected in parallel in Fig. 99. 

tween AB and AC is 71®, corresponding to the power factor xV or 
33 per cent. The line BC now represents the reactance and equals 
0.95 X 12, or 11;4 ohms. 

The resistance of the second appUance equals 0.90 X 10, or 9 
ohms. By Table I the reactive factor for a power factor of 90 per 
cent is 44 per cent and the corresponding angle of lag is 26®. 

The reactance equals 0.44 X 10 = 4.4 ohms. 

Construct Fig. 97, in which EG represents the impedance of 10 
ohms, EF the resistance of 9 ohms and FG the reactance of 4.4 ohms 
The angle between EF and EG is the angle of lag, 26**. 

Now construct Fig. 98 making 

AF =-AB + EF 
= 4+9 
= 13 ohms, 
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FC ^FG-^- BC 
= 4.4 + 11.4 
= 15.8 ohms. 

AF represents the resistance of the series combination and FC 
the reactance of the series combination. 

AC represents the impedance 
of the series combination. 




AC = VaF^ + FC^ 

= V132 + 15.8* 
= 20.46 ohms. 

Power factor of series com- 
bination 

AF 13 



AC 20.5 ^ ^-^^ 
= 63.4 per cent. 

Prob. 10-6. What will be 
the impedance of a series com- 
bination of the dimmer of 
Prob. 7 and a bank of lamps 
having 10 ohms resistance? 

Prob. 11-6. What is the 
power factor of the combina- 
tion in Prob. 10? 

Prob. 12-6. The power 

factor of appliance A is 80 per 

cent and the reactance is 6 

ohms. The resistance of appliance B is 18 ohms and the impedance 

is 25 ohms. What is the impedance of a series combination of A 

and B? 

Prob. 13-6. What is the power factor of the combination of 
Prob. 12? 

Prob. 14-6. How much voltage is required to force 2.4 amperes 
through the combination of Prob. 12? 

Prob. 15-6. What is the value of reactive volt-amperes in PJrob. 
24? 



A A Ohms ' OOhmB 

Fig. 98. For a series combination 
of the loads represented sepa- 
rately in Figs. 96 and 97, total re- 
sistance equals arithmetic sum of 
resistances and total reactance 
equals arithmetic sum of react- 
ances (if both are inductive). 
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Prob. lfr-6. An impedance of 20 ohms 85 per cent lagging power 
factor is joined in series with an impedance of 30 ohms 60 per cent 
lagging power factor. What is the impedance and power factor of 
tiie series combination? 

52. Impedance of Parallel Combinations. The imped- 
ance of a parallel combination is found as follows: 

(a) Find the current through each path of the combina- 
tion. (If no voltage is given, assume any convenient volt- 
age.) 

(6) Compute the current through the combination by the 
method explained in Paragraph 43. 

(c) Divide the voltage across the combination by the 
current through the combination. 




Fig. 99. 

Example 2. What would be the impedance of a parallel combina- 
tion of the appliances in Example 1? 

Solution. Assume for convenience a voltage of 60 volts across 
the parallel combination as in Fig. 99. 

/ N r«, A i-u u T Voltage across I 

(a) Current through I = •= -, jrr 

Impedance of I 

= 5 amperes. 
Voltage across II 



Current through II = 



Impedance of II 
» 6 amperes. 



156 ESSENTIALS OF ALTERNATING CURRENTS 

(6) Resolve the current of 5 amperes through I into its active and 
reactive components as in Fig. 100. Power factor = 33j per cent, 
reactive factor = 0.944. , 

Power component AB = AC X power factor 



Reactive component BC 



5 X 33^ per cent 
1.67 amp. 

AC X reactive factor 
5 X 0.944 
4.72 amp. 



i.07,ainp 




6.4 ftmp. 




Fig. 100 and Fig. 101. For each of the parallel loads of Fig. 99, calculate 
the current and by means of power factor resolve into its active and 
reactive components, in phase with and at 90° to the line voltage re- 
spectively. 

Resolve current of 6 amperes through II into its active and re- 
active components as in Fig. 101. Power factor = 90 per cent, re- 
active factor = 0.438. 

Power component DE = DF X power factor 

= 6 X 0.90 
= 5.4 amperes. 

Reactive component EF = DF X reactive factor 

= 6 X 0.438 
= 2.63 amperes 

Combine the power components AB and DE mto AE aa in Fig. 
102. 
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Active current through combination - AE 



Reactive current through combination « EG 



AB +DE 
1.67+5.4 
7.07 amperes. 

BC +EF 
4.72 -f 2.63 
7.35 amperes. 




Fia. 102. Line current of Fig. 99 is vector sum of active components 
of individual load currents added at 90° to the sum of reactive com- 
ponents of individual load currents. Total impedance equals line 
voltage divided by line current. 



Current through combination AG = VAE^ -f E^ 

= V7.O72 + 7.352 
= 10.2 amperes, 
voltage across combination 



(c) Impedance of combination = 



current through combination 
60 



Tower fsuftor of combin&tion 



10.2 
= 5.88 ohms. 

AE TSSl 



AG 10.2 



= 0.fe% « ^^a^x ^i«cJ^, 
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The three phases of a three-phase generator are rarely ever 
run. out on separate circuits of two wires each, as are the 
phases of a two-phase generator. They are generally con- 
nected together on the inside of the machine and run out on 
three or sometimes four wires. 

There are two regular ways of making these connections 
in a three-phase generator. 

68. Delta or Mesh Connection. The terminal A2 may 
be connected to 5i, B2 to Ci, and C2 to Ai. Fig. Ill shows 




Fig. 111. Delta connection of the coils of Fig. 106. Line wires 1, ^» 

carry current to the loads. 



these coils so connected. The name Delta is appUed to tJ^^ 
method of connection because the diagram resembles ti^ 
Greek letter delta, made Uke this, — A, and correspondil^^ 
to the EngUsh letter D. The vector diagram of this conne?^'' 
tion is represented in Fig. 116. 

Three wires are usually brought out from a generator ^^ 
connected as 1, 2 and 3, in Fig. Ill and 112. Pig. 112 repr^^ 
sents conventionally a generator delta-connected, though i"^ 
must not be supposed that the armature or coils have thi^ 
appearance. This is merely a convenient method of repre- 
senting an armature connected in this manner. 

It will be noted that the voltage between the line wires 1 
and 2, for instance, is the voltage m tlaa CiO\!L CvCv ^>a*» it is 
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^ The most common frequencies are 60 and 25 cycles. The 

(jifeactance of an appliance on a 25-cycle circuit is only f^ or 

tfy of what it is on a 60-cycle circuit. 

I 

J. Ezataple 3. A dimmer has an impedance of 18 ohms at 40 per 

^nt power factor on a 60-cycle circuit. What will be the impedance 

|and power factor of the dimmer on a 25-cycle circuit? 

J Solution. On a 60-cycle circuit: 

Reactive factor for 40 per cent power factor = 0.914. 

Resistance = Impedance X power factor. 
= 18 X 0.40 = 7.2 ohms. 

Reactance = Impedance X reactive factor. 
= 18 X 0.914 
= 16.5 ohms. 

On a 25-cycle circuit, the resistance will be the same or 7.2 ohms. 

Reactance = 16.5 X M 
= 6.88 ohms. 

Impedance = V Resistance^ + Reactance^ 

= V7.22 + 6.882 

= 10.0 ohms. . 

7.2 
Power factor = --— = 0.72 = 72 per cent. 

Thus the impedance is reduced from 18 ohms on a 60-cycle circuit 
to 10 ohms on a 25-cycle circuit, and the power factor is increased 
from 40 per cent to 72 per cent. 

Prob. 21-6. A coil has an impedance of 20 ohms at 80 per cent 
power factor on a 25-cycle circuit. What impedance will the coil 
have on a 60-cycle circuit? 

lowered, then the current changes at a slower rate and both the cutting 
and the induced back voltage is smaller in value. Thus the reactance 
is less, and more current can flow than at a higher frequency. If the 
frequency is raised, the current changes faster, the magnetic Unes cut 
the circuit a correspondingly greater number of times each second and 
the back voltage is increased in proportion. Thus the Te&c\.dSk<(!.^ q\ ^^ 
circuit becomes greater and the current less. 
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In Fig. 114 the vector B1B2 is drawn at an angle of 120® ahead 
of A1A2, that is, swung around on the pivot \Bi to a position 
120° from the direction of A1A2 in Fig. 113. We may now 
resolve the vector B1B2, Fig. 114, into two components, one 
in phase with A1A2 and one in "quadratiu-e" or at 90° to 
A1A2. These components correspond to the active and 
reactive components into which we have heretofore resolved 




\ 



As 

I 

Fig. 114. Voltage B1B2 (2300) consists of BiX (1150) in phase oppo- 
sition with voltage A1A2, and XB2 (1992) in quadrature with A1A2. 

any vector when we wished to add it to another. The vector 
B2X drawn from B2 perpendicularly to the line of A1A2 
represents the quadrature component, and the vector BiX 
represents the in-phase component. That is, we may con- 
sider the voltage of the coil B1B2 made up of the in-phase 
component BiX and the quadrature component XB^. 

The value of the in-phase component may be found from 
the equation: 

In-phase component = voltage X (power factor corre- 
sponding to angle of phase difference) 
or 

BiX = B1B2 X "power factor.'* 

From Table I the power factor corresponding to an angle of 
JWjs -0.500. 
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Therefore, 



BiX = 2300 X (-0.500) 
= -1150 volts. 



The minus sign merely indicates that the in-phase com- 
ponent of the voltage BiB^, is in the direction opposite to 
the voltage AiA%. This is also shown by the fact that 
the vector B\X points in the direction opposite to the 
vector A1A2. 

The value of the quadrature component of B1B2 may be 
found from the equation 

Quadrature component = voltage X (reactive factor 
corresponding to angle of phase difference) 
or 

XB2 = B1B2 X 
"reactive factor." 

The reactive factor corre- 
sponding to an angle of 120° 
is 0.866. Therefore, 

XBi = 2300 X 0.866 
= 1992 volts. 

If now we combine the in- 
phase and quadrature com- 
ponents of B1B2 with the 
corresponding components of 
-4.1^2 we have Fig. 115. 

A1A2 is entirely composed of in-phase component because 
we assumed it as a basis; thus to obtain the total in-phase 
component of the two voltages A1A2 and B1B2 we combine 
the whole of A1A2 with SiX, the in-phase component of 
B1B2. Since BiX is in the reverse direction to A1A2 we sub- 
tract BiX from A1A2 to get the in-phase com^nent A\K ^1 
the series combination. 




Fig. 115. When components of 
BiBi are added vectorially to 
A1A2, the resultant is A1B2, 
equal and opposite to Cid. 
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Thus AiX = A1A2 - BiX 

= 2300 - 1150 
= 1150 volts. 

The quadrature component of the combmation consists 
entirely of the quadratiu-e component XB2 of the voltage 
B1B2, since the voltage A1A2 which was taken as the base has 
no quadrature component. This is represented in Fig. 115 
by the vector XB2 of 1992 volts. 

The resultant of the series combination of A1A2 and BiBt 
is represented by the vector A1B2, Fig. 115. Its value may 
be foimd as follows: 

A1B2 = V(AiZ)2 + (XB2y 
= V 11502 + 19922 
= 2300 volts. 

Thus the voltage across the series combination of the coils 
m^0A^2 and B1B2 is 2300 volts, the same in value but opposite 
in pKase to the voltage in coil C1C2. Therefore, it makes no 
difference whether we consider the voltage between the line 
wires 1 and 2 in Fig. 112 to be the voltage across the series 
combination of coils A1A2 and B1B2 or the voltage across the 
coil C1C2 alone. Either way we view it, the voltage between 
the two wires is 2300 volts. Similarly, the voltage between 
the line wires 3 and 1 may be considered either as voltage 
across the single coil B1B2 or across the series combination of 
the coils C1C2 and A1A2. But the voltage across the series 
combination of the coils A1A2 and C1C2 may be shown in the 
same way as above to be equal to the voltage across the single 
coil B1B2 or 2300 volts. 

Similarly, the voltage between the Une wires 2 and" 3 of 

Fig. 112 is the voltage across the series combination of the 

coils B1B2 and C1C2, or the voltage of the single coil AiAf; 

each of which equals 2300 volts. Thus it is seen that the 

voltage between any two of the three Aine wc«a \a 73f^ ^Qlt». 
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In any three-wire three-phase system the voltage between 
tny two wires should be the same. 

The voltage between any two line wires, however, ia 
out of phase with the voltage between any other two line 
wires. This is the main difference between a three-wire 
three-phase system and a 
three-wire single-phase sys- 
tem, which it will be re- 
membered has the same 
voltage relations as a three- 
Tvire direct-current system. 

Prob. 6-7. If the voltage 
between line wires 1 and 2 in 
the three-wire three-phase sys- 
tem of Fig. 112 were 600 
■volts, what would be the 
"voltage between the wires 
2 and 3, and between 3 
and 1? 

Prob. 8-7. What would be the voltage of the series combination 
of the unnaturc windinp CiCs and AiA^ of generator in Prob. 5? 

Prob. 7-7. From an inspection of Fig. 112, note that the arma- 
ture windii^ form a closed circuit. Study Fig. 116 and 115 and 
state the reason why no current will circulate in the armature wind- 
ings delta connected, when no current is being delivered to the line. 



69. Star or Y-Connectioa. The other common way of 
connecting the armature coils of the three-phase generator 
shown in Fig. 106 is as shown diagrammatically in Fig. 117. 
The ends Ai, Bi and Ci of the three coils are connected and 
wires broi^ht out from the free ends A2, B-i and d to the line 
wires 1, 2 and 3. This is called the star or Y-connection be- 
cause of the resemblance of the diagram to a star or to the 
Utter Y. 



FiQ. 116. Vector diagrar 
voltages ia delta. 



182 ESSENTIALS OF ALTERNATING CURRENTS 

The voltage between the line wires 1 and 2 is ibe voltage 
across the series combination of armature coils B2B1 and 
Ai4'%* We shall assume that the voltage in each armature 




8 



2300 volte 



Fig. 117. Star or Y-connection of three phases. 

coil is the same as in each coil of Pig. 112, and determine the 
voltage between line wires as we did before. 

The vector in Fig. 118 
©presents the 2300 volts 
of the coil A1A2. 

In drawing the"^ vector 
for the voltage in coil 
B2B1, care must be taken 
to note the dijBFerence in 
the method of connec- 
tion between these two 
coils in Fig. 112 and 117. In Fig. 112 the two coOs 
are connected so that the current flows in a positive 
direction through both coils A1A2 and B1B2, but in 
Fig. 117 note that the cm*rent must flow in the reverse 
direction through coil B1B2, that is, from B2 to Bi, in order to 
get into coil A1A2. In other words, the coil B1B2 has been in 
effect reversed by connecting it in this manner to coil A1A2. 
27ius if the dotted line -B1B2, Fig. 119, represents the voltage 



Fig. 118. 
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I 

■ in coil B1B2 when connected as in Fig. 112 (compare Fig. 114), 

I then the full line BaSi, Fig. 119, in the reverse direction, must 

represent the voltage in the coil when its connection relative 

A1A2 is reversed. Note that this reversing the direction 




Fig. 119. The 2300 volts of phase B, Fig. 117, consist of 1150 volts 
in phase with A1A2 and 1992 volts in quadrature with A1A2. A and 
B i>ull in opposite directions with a phase difference of 120^, which is 
equivalent to pulling in the same direction with phase difference of 60^. 

causes the voltage in coil B1B2 to have the effect of lagging 
60® behind the voltage in coil A1A2 instead of leading it by 
120** as before. The vector B2X thus represents the in-phase 
component of the reversed voltage in B1B2 and the vector 
XBi represents its quadrature component. 

The in-phase component may be found by the equation 

BtK = AiBi X (power factor for 60° phase difference). 
The power factor corresponding to 60^ is O.SQft ^^^kJ^^^^V^^* 
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Thus, 



BiX = 2300 X 0.500 
= 1150 volts. 



The quadrature component may be found by the equation 
XBi = B2B1 X (reactive component for 60° phase difiference). 
The reactive factor corresponding to an angle of 60° is 0.866. 

XBi = 2300 X 0.866 
= 1992 volts. 

Combining, in Fig. 120, that component of voltage in 
B2B1 which is in phase with A1A2, with the voltage in A1A2 




Fig. 120. line voltage from 1 to 2 in Fig. 117 is vector sum of voltage 
B2 to Bi and voltage Ai to -^2, or A1A2 added to BiB^ reversed. The 
line voltage is thus 3980, or 1.73 times the voltage across each of the 
star-connected phases. 

itself, we get the vector AiX, which represents the in-phase 
component of the series combination of coils A1A2 and B2B1. 

Draw XBi the quadrature component of voltage in BiJBi 
equal to the vector XBi of Fig. 119. 

The voltage across the series combination may now be 
represented by the vector AiSi, Fig. 120, which is the result- 
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Bit of the total in-phase and the total quadrature com 
lonents, 

= -^"(2300 + 1150)= +1992^ 

= ^3450^ + 1992"^ 

= 3984 volts (practically 3980). 

This is the voltage between the line wires 1 and 2. S 
irly, it can be shown that the voltage between any two 
wires is also 3980 volts. Thus, when the voltage in eai 
armature coil of a three-phase star-connected winding 
2300 volts, the volte between any two of the line wires 
3980 volts. 

Note that the hne voltage 3980 is fS|8, or 1.73 times the- 
coil voltage of the generator. 

Thus in a delta-connected three-phase generator, the voltagi 
' between any two-line wires is the same as the voltage in ead 
phase of the armature winding. 

In a star-connected three-wire three-phase generator, 
voltage between any two-line wires is 1.73 * times the voltage ii 
each phase of the armature winding. 

Note also that the voltage between any two-line wires of 
a three-wire line from a star-connected generator is 120° out 
of phase with the voltage between any other two-line n 

This is evident from an examination of the following. In 
Fig. 120, the vector AiBi represents the voltage between the- 
wires 1 and 2 of Fig. 117. Note that this vector AiBi ' 
30° behind the vector AiAi, which represents the voltags 
across the coil AiA^ of the generator of Fig. 117. 

Similarly, the voltage between the wires 2 and 3 of Fig. 117 
srould be found to lag 30° behind the voltage across the 
_ snerator coil CiCi, and the hne voltage between 3 and 1 to 
tag 30° behind the voltage across coil BiSj. Thus, as the 
* Sometimes written Vs, ance 1.13 = V^. 



J 
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coil voltages are 120° apart in phase, so the line voltages, eacli 
of which lags 30° behind one of the coil voltages taken in 
order, must also be 120° apart. 

The same generator can be used delta-connected to supply 
2300 volts to a Une, or star-connected to supply 3980 volts. 
The total power that could be delivered by the generator 
would be the same in either case, as the current per line wire 
would have to be correspondingly smaller at the higher 
voltage in order not to allow the current in the armature coils 
to become excessive. Note that in a star-connected arma- 
ture, the windings carry the same current as the line wires, 
while in a delta-connected armature the line current is di- 
vided between two armature coils, allowing more current 
than that flowing in each armature coil to be deUvered to the 
Une. 

For various technical reasons three-phase alternators are 
usually star-connected. 

Prob. 8-7. If the coil voltage of the generator in Fig. 117 were 
600 volts, what would be the voltage between line wires 2 and 3? 

Prob. 9-7. In order that the line voltage in a y-connected three- 
wire system be 3300 volts, what must the coil voltage of the genera- 
tor be? 

Prob. 10-7. What would be the line voltage of the generator in 
Prob. 9 if it were mesh-connected? 

Prob. 11-7. How could a star-connected three-wire three-phase 
induction motor built to run on 220 volts be reconnected to operate 
on 125 volts? 

Prob. 12-7. If a mesh-connected three-phase three-wire 440-volt 
motor were changed to the star connection, on what line voltage 
could it operate? 

60. Construction of a Poljrphase Generator. As was 

previously stated, the figures representing the coils of an 

alternator do not in any way represent the mechanical 

appearance of the coils, but merely sbovr tha electrical and 
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iiB^Setio ejects produced in the armature and fields. The4 
I appearance of a three-phase generator of the revolving field J 
I type is shown in Fig. 121. The field F consists of spools (rfj 
I wire wound on soft steel cores, and is shown more in detaiU^ 




IS 



I Fig. 121. Three-phase alternator, engine type, 100 kv-a. 225 r.p.m., 
made by Electric Machinery Co. Direct current from the "exciter" 
generator at left end of main shaft passes through rings B into field 
magnete F. Stationary armature winding A connects to load. 

in Fig. 122. The field coils are supplied with direct current J 
from an outside source through the collecting rings R. Thee 
poles are alternate North and South poles and revolve, tb( 
armature A remaining stationary. The armatiu-e of thi 
alternator is iUuatrated by Fig. 123, in which the armatui 
windings and terminals are clearly shown. Note that it iftl 
impossible to tell by an examination of the picture of tbe4 
armature windings whether the annatuie vjvftiiw^ Mfe <; 
nected in star or in delta. The iout teTm\riB!s, \x.'j«e^«t.v 
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I Fia. 122. R«tor ot alteniu.tor ahowii in Fig. 121, Direct current 
supplied from exciter through rings R came adjacent poles of geld 
magnets f to be of north and eouth polarity. Electric MachiTiery 




\ Fio, 123. Stator, or armature, of alternator shown in Fig. 121. Coila 
are collected in three phases, wliioh are connected in star, with neutral 
termin&l brought out. Electric Machirieru Co., Mirineii-jKiVia- 
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^ow that they must be star-connected and the neutral point 

brought out to a terminal so tha,t it can be used either on a 

B-wire or a four-wire transmission system. But whether 

IT- or delta^connected, the armature coils would be putJ 

,e frame in exactly the same way. The only difFerencA 

i be in the manner in which the coils were connected 1 

I other after they were in place. There would be 1 

Terence in the appearance of the coils themselves nor i 

relative positions on the frame, although electric! 

^presentations of the two methods of connection are entird 

fferent as is shown in Fig. 112 and 117. 

Current in Line of Three-phase System. It is oft« 
necessary to determine the amount of current which will flo 



1 



Fia. 124. Balanced load delta-connected on three-phase line. 

from each terminal of a three-phase generator, in order to ruB 
a line wire of the proper size for carrying this current. 

Let US assume that a three-wire system having 110 volts 
between each pair of wires, A-B, B-C and C~A as in Fig. 
124 is to supply a set of 15 incandescent lamps each tat 
ing 2 amperes. We should distribute the lamps so that a 
equal number is on each phase as in Fig. 124, in order ta 
balance the system or to equalize the araoAxiA q1 ^^irt^soS. 
Bowing in the various line wires and pai^-a o^ ^'& ¥Jsos"«*Ri^ 
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winding. Each phase must, therefore, supply 5 lamps wi 
a total current of 10 amperes. Thus the wires D, E, F, i 
H and I must each carry 10 amperes. It is necessary no 
to determine what current the main wires A, B and C mui 
carry. 

Note that as each main wire is connected to two of the dis 
tributing wires it has to carry enough current to feed twi 
sets of lamps. Thus Main A feeds Groups II and III 



.BC-UO Volte 




AB« 110 Volte 



C A- no Volte 

FiQ. 125. Voltage relations in three-phase line of Fig. 124. 

Main B feeds Groups I and II; Main C feeds Groups I] 
and I. We will study the current conditions in Main J 
feeding I and II, by means of the wires E and F. 

As we have seen, in any balanced three-wire three-phai 
system, the voltage across Mains AB, BC and CA differ i 
phase by 120®. Therefore, let the voltage across CA les 
the voltage across BC by 120®, and the voltage across B 
lead the voltage across AB by 120°. The voltage aero 
each pair of mains, as we have seen, is 110 volts. Thei 
/acis are represented by the vectoi dtoecaxxL ¥*\%, VI^» 
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The current in Group I of the lamps is in phase with the 

voltage across BC, since the lamps are non-inductive, and 

the current in Group II is in phase with the voltage across 

AB. Thus Fig. 126 will represent the current conditions in 

the lead wires E and F in which the vector BF represents the 

10 amperes flowmg in wu'e /^ and in phase with the voltage 

across AB. Note that accordingly, vector BF, Fig. 126, is 

drawn in the same direction as vector AB, Fig. 125. Since 

vector BE, Fig. 126, represents the current of 10 amperes in 

wire E, which is in phase with the voltage across BC, it is 

drawn in the same direction as the vector BC in Fig. 125. 




->- 



p 10 Amp. (- 

Pig. 126. Current from A to J5 in group II, Fig. 124, is 120° out of 
phase with current from £ to C in group I. 

Since the current in Main B is the resultant of the currents 
flowing in wires F and E, it can be represented as the resultant 
of the vectors BF and BE of Fig. 126. We have, therefore, 
merely to combine these vectors in order to find the current 
in Main B. 

But note that the positive direction across AB is from wire 
A to wire 5. Thus the positive direction of the current in 
Group II is from wire A to wire B, and, therefore, the positive 
direction of the current flowing into the wire B from Group 
II would be toward the switch and could be indicated by the 
arrowhead x in Fig. 124. 
Similarly, the positive direction oi tla© '7c\\)^^ ^jct<^«»» ^C» 
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is from wire B to wire C. Thus the positive direction 
current in Group I is from wire B to wire C, and, thei 
the positive direction of that component of the line ci 
in B which feeds Group I must be away from the swi 
represented by the arrowhead y in Fig. 124. Note froni 
arrowheads x and y^ Fig. 124, that the two compone 
the current in Main B oppose each other. Thus if w 
sider the arrowhead y as representing the positive dir 
of the current in Main B then the arrowhead x repr 
the direction of a reverse current, and vice versa, 
result is the same, whichever we consider as the p( 
direction. 

For convenience we will consider the direction indicai 
X as the positive direction. Therefore, the current 
amperes flowing from Group II into Main B is in the pc 
direction of the current in the Main B or in the same dir 
as the positive direction of the voltage from A to B. 
the vector BF^ Fig. 126, represents that part of the c 
flowing in Main B which is supplied from Group II. 

But since the part of the current flowing from Main . 
Group I is in the direction opposite to the positive dir 
(x) of the current in Main S, therefore, the vector Bl 
126, must be reversed and become BEi to represent t 
verse direction (y) of that part of the current in Mj 
The vector diagram of the parts of the current flow 
Main B is then represented by Fig. 127, in which vect 
represents the 10 amperes due to Group II in the p< 
direction, and the vector BEi represents the 10 amper 
to Group I leading the current BF from Group II, by 
but in the reverse direction. 

Note that in determining the method of constructii 
current diagram for Main J5, we 

First: Decide upon the positive direction of the v 
across the groups feeding Main B. 
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al Second: Make the positive direction of the currents in the 
Igroups the same as the positive directions of the voltages 
^across the groups. 

Third: Determine from the above the positive directions 
in Mam B for each of the currents flowing into Main B. 




^Q' 127. Main J5, Fig. 124, carries vector sum of currents A to B, and 
C to B. But current C to B is reverse of current B to C. Compare 
% 126. 

5'ourth: Choose one of these as the positive direction for 
^ currents in the Main B, and reverse the vector of any 
current which feeds into Main B and has a positive direction 
opposite to that chosen for Main B. 

In order to determine the current flowing in Main B, we 
^Ve now only to solve the vector diagram of Fig. 127, for 
^bich we proceed as follows: 

Construct Fig. 128, in order to find the two components 
f the current BEi in Group I, which are respectively in 
Hase and in quadrature with the current BF in Group 11. 

BE\ represents the current of 10 amperes flowing from the 
tie into Group L 
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KEi represents the quadrature component of this ci 
rent.* 
BK represents the in-phase component. 
Power factor corresponding to angle of 60** = 0.500. 
Reactive factor corresponding to angle of 60® = 0.866. 

Quadrature component = indicated 
current X reactive factor. 

KEi = BEi X 0.866 
= 10 X 0.866 
= 8.66 amperes. 

In-phase component = Indicated cur- 
rent X power factor 

BK = BEX 0.500 
= 10 X 0.500 
= 5.00 amperes. 

Construct Fig. 129, in which BK equals 
the combined in-phase components of the 
currents in Groups II and I (that is, in 
phase with the current x of Group II 
which is chosen for reference). 




Fig. 128. Compo- 
nents of load I, Fig. 
124, are 5 amperes 
in phase with II 
and 8.66 amperes 
at 90° to II. 



BF 
FK 
BK 



in-phase component of Group II 
in-phase component of Group I = 
10 + 5 
15 amperes. 



■ 10 amperes. 
5 amperes. 



* Since the current in Group I is in phase with the voltage across 
Group I, it has no quadrature component with regard to the voltage 
across Group I. But since the current in Group I is out of phase with 
the current in Group II, it must have a quadrature component with 
respect to Group II. This component, representee! by the vector KEu 
is the quadrature component of the current in Group I wUh reaped to the 
ctm^erU in Group II. 
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KE\, represents the sum of the quadrature components of 
Jroups II and I. 

Quadrature component of Group II = 0. 
Quadrature component of Group I = 8.66. 

KEi == + 8.66 = 8.66 amperes. 



lOAmp. 




Fig. 129. Total current in main B, Fig. 124, composed of currents in 
I and II, equals 1.73 times current in each phase when load is balanced. 

BEi represents the total current in Main B, being a coni- 
bination of the currents in Groups II and I. 



BEi = y/BK^ + KEi^ 

= V152 + 8.662 
= 17.3 amperes. 

Thus the line wire B carries a current of 17.3 amperes, 
made up of the currents of 10 amperes from Group I and 10 
amperes from Group II, the current in Group I leading the 
current m Group II by 120®, but in the reverse direction with- 
in Main B. 

In the same manner the currents in Main A and Main C 
can be determined. It will be found that each main is carry- 
ing 17.3 amperes. In fact, since the system is balanced, we 
know that the current in all mains must be the same. 

62. Relation of Current in Mains to Current in Groups. 
We have seen that when the current in eacYi ol >iXi^ ""Occt^^ 
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groups of appliances on a balanced three-wire three-pha 

line is 10 amperes, a current of 17.3 amperes flows in each 

17.3 
the mains. In other words, -ttt , or 1.73 times as mu( 

current flows in the mams as in each of the groups. This 
always the relation of the current in each of the mains to th 
current in each group on a balanced three-wire three-phas 
system. It holds true regardless of what may be the powe 
factor of the current in the three groups, inasmuch as th 
power factors, voltages and currents of all the groups on i 
balanced system must be the same, in order to maintain i 
true balance. 

Rule. To find the current in each main of a balanced three- 
wire, three-phase system, multiply the current in each phase oi 
group by 1.73.* v (,, < ni 7 t Xc.-nA 

Example. An auditorium is supplied with two hundred fort) 
100-watt lamps, on a three-wire three-phase system of 110 volts 
How much current flows in the mains? 

Solution. 

The lamps would be divided into three groups of 80 lamps each 

Current in each lamp = if J 

= 0.909 amperes. 
Current taken by each group = 80 X 0.909 

= 72.7 amperes. 
Current in Main = 72.7 X 1.73 

= 125.8 amperes. 

Prob. 13-7. A building is to be supplied with three-phase cur 
rent for one hundred and fifty 60-watt 112-volt lamps. If tb 
lamps are so grouped that the building load is balanced, how mud 
current must each main carry? 

Prob. 14-7. If the lamps in Prob. 13 were supplied with single 
phase current, how much current would each main carry? 

* This 18 sometimes written Vs, inasmucb. as 1.73 equals V3. 
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|vob. 15-7. What current would each main in building of Prob. 
y if it were supplied with a tour-wire two-phase system? 
^Proh. 16-7. Assume that the lamp groupa of Fig. 124 are re- 
placed by three 1 10-volt single-phase induction motors, each taking 
2 kw. at 80 per cent power factor. What current must each main 
Miry in this case? 

Prob. 17-7. Three single-phase transformera are put on a three- 
ffite three-phase 2300-volt Une so as to balance the system. Each 
transformer is delivering 10 kw. at 92 per cent power factor. What 
cmrent must the mains carry? 

Prob. 18-7. A 2300-volt three-wire three-phase line is loaded 
Mth 72 5-kw. single-phase distributing transformers operating at 
M per cent power factor. If line is balanced what current must be 
supplied to each main line wire, with all transformers fuUy loaded? 

Prob. 19-7. What current would flow in mains of Prob. 18 if 
orjy 48 of the transformers were in operation at a single time, and 
liese at a power factor of 82 per cent? The line is still balanced. 

63. Power in a Balanced Three-wire Three-phase 
System at Unity Power Factor. Refer again to the bal- 
anced three-wire three-phase system of Fig. 124. Ekch 
group of lamps receives 10 X 110 X 1, or 1100 watts from 
the line, since the power factor of the lamps is unity. As 
tfiere are three groups: 

t Total power received from Une = 3X1 100 

I = 3300 watts. 

We know that the main line cmrent is 17.3 amperes. If 
*e multiply this current by the voltage between line wires wo 
obtain only 17.3 X 110, or 1903 watts. Thus it is evident 
that the product of the hne current times the line voltage 
does not equal the total power carried by the line. In fact 
tte power carried by the line, 3300 watts, is \U%, or 1.73 times 
^ great as the product of the line amperes times the line 
^Ita, Hence the rule: 
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To find the total power carried at unity power factor by a 
balanced three-wire three-phase systenii multiply by 1.78 the 
product of the line current times the line voltage. 

Example. How much power can be transmitted at 220 volts by 
a balanced three-wire three-phase system at unity power factor tf 
each wire can carry safely 25 amperes? 

Solution. Power, at unity power factor, in a balanced three-wire 
three-phase system equals 1.73 X line amperes X line current^ or 

1.73 X 25 X 220 = 9540 watts. 

Prob. 20-7. How much power can be distributed by a balanced 
three-wire three-phase system at 110 volts, if each wire can carry 35 
amperes? Unity power factor. 

Prob. 21-7. How many 60-watt 110-volt lamps can be put on a 
balanced three-wire three-phase 110-volt distributing line if each 
wire can carry 15 amperes? Solve in two ways. 

Prob. 22-7. A three-wire three-phase 220-volt unity-powe^ 
factor motor requires 5 kw. to operate it. How much current must 
each lead to the motor carry? 

64. Power in a Balanced Three-wire Three-phnse 
System at any Power Factor. Load the line of Fig. 124 
with three induction motors each operating at 80 per cent 
power factor and drawing 2 kw. from the line as shown in 
Fig. 130. We know that the power carried by the line must 
equal 3 X 2, or 6 kw., since there are three motors each 
taking 2 kw. If we wish to compute the power carried over 
the line by means of the current in the line we must proceed 
as follows: 

Apparent power taken by each motor = -tt^ watts 

= 2500 volt-amperes. 

Current taken by each motor = ^^^ 

= 22.73 amperes. 

Current in each main = 22.73 X 1.73 

= 39 .4 amperes. 



POLYPHASE CIRCUITS 199 

wing the current in the line to be 39.4 amperes, if power 
ir of load were unity, we could say that the power carried 
ine would be 1.73 X 39.4 X UO = 7500 watts, 
lit we have seen that the true power carried by the line 
X 3, or 6 kw., or 6000 watts, which is only f 889. or 0.80 
le product. 



T 



delta-connected load of 80 per cent power factor 
OD three-phafie three-wiro mains. 

lote that 0,80 ia also the power factor of the motors. 

B, in order to obtain the total power carried by the hne 
la necessary to multiply the product of the hne current 
[39.4 amperes) times the lino voltage (110 volts) not only by 
1.73 but also by the power factor of the load (0.80), In 
Mierwords, the product (1.73 X tine current X hne voltage) 
W only the apparent power carried by the line, and it must 
slways be raultiphed by the power factor of the load in order 
^ obtain the effective or real power. 
The rule for power in a balanced three-wire three-phase circuit 

^tal Power 
[ = 1.73 X line current X line voltage X power factor of load. 

mple. What power is carried by a balanced three-wire three- 
e llO-volt line each wire of which carries 20 am^^\ea,t '^.W 
ir factor of the load ia 90 per cent. 
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Solution. 

Power - 1^73 X line current X line voltage X power factor 

- 1.73 X 20 X 110 X 0.90 

- 3425 watts. 

Prob. 23-7. How much current flows in a balanced three-wire 
three-phase system delivering 18 kw. at 92 per cent power factor 
and 220 volts? 

Prob. 24-7. A three-wire three-phase line can carry 42 amperes 
in each wire. At what voltage must it operate in order to carry 24 
kw. at 85 per cent power factor if the load is balanced? 

Prob. 26-7. A balanced three-wire three-phase line carries 14 
amperes in each line wire at 220 volts. If the power deHvered is 
4.5 kw., what is the power factor of the load? 

Prob. 26-7. A balanced three-wire three-phase line delivers 
power to six three-phase motors, each taking 2500 volt-amperes at 
220 volts and 88 per cent power factor. 

(a) What current flows in the line? 

(b) What power does the line carry? 

Prob. 27-7. If the six motors of Prob. 26 were single-phas® 
motors and operated on a single-phase line: 

(a) How much current would each line wire carry? 
(6) How much power would the line carry? 

Prob. 2a-7. Solve Prob. 26 on the assumption that the motors 
are two-phase four-wire motors operating on a four-wire two-phas® 
line. 

66. Voltage Relations in Three-phase Four-Wire Sys- 
tems. The four-wire three-phase system is sometimes used 
in order to obtain two voltages. The voltages produced by 
this system can be seen clearly from Fig. 131 which is the saca^ 
as Fig. 117, except that a "neutral" wire is brought out from 
the point in the armature where the three windings ar® 
joined to make the star-connection. 

Thus, if there are 127 volts across each armature phase, 
the voltage from the neutral to either Une wire A, B or 
would be 127 volta, because each armature WLnding is placed 



4 
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between one main wire and the neutral. The voltage be- 
tween the mains A, B and C, as we have seen, would be 
1.73 X 127, or 220 volts. Thus we have available not only 
the three-phase pressure of 220 volts for motors, but also 127 
volts for lamps. 




B 



S 




Fig. 131. Four-wire system gives two distinct sets of three-phase 
voltages, one set being 1.73 times the other set and 30** out of phase 
with it. Compare Fig. 117 to 120. 



66. Current in the Mains of a Balanced Four-wire 
Three-phase Line. 

(a) Loads having the same power factor. Consider the 

four-wire three-phase line of Fig. 132, in which the voltage 

between the mains A, B and C is 208 volts, and between the 

208 
neutral and any one of the mains A, B and C ^^rjo > or 120 

volts. 

We shall first take up the case in which the three-phase 
motor M as well as the lamps has imity power factor. The 
current in each motor coil is 10 amperes as marked. Each 
main must, therefore, carry 10 X 1.73, or 17.3 amperes to 
feed the motor. 



'R^BfTB 
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Each group of lamps takes a current of S amperes. Tias 
current in each case is in 
phase with the main line 
current and has merely to 
be added to the 17.3 am- 
peres carried by the line 
for the motor supply, 
since the power factor of 
the motor load and lamp 
loads is exactly the same. 

The main line current 
thus equals 17.3 + 8, oi 
25.3 amperes. 

Since the system is bal- 
anced, the neutral carries 
no current, just as the 
neutral in a balanced 
single-phase or direct-cur- 
rent three-wire system 
carries no ciurent. 

This is explained as to\- I 
lows: 

Since the current in the 
neutral wire O is the re- 
sultant of the ciureuts 
flowing between and ^i 
and B, tmd and C, 
each current differing in 
phase with either of the 
other two by 120", «« 
may draw the vector dia- 
gram, Fig. 133. Vect«r 
OA represents the 8 aD*' 
flowing in Group III, lagging 120* behind vector OS 
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representing the 8 amperes flowing in Group II, which in 
burn is 120® behind the vector OC representing the 8 amperes 
Bowing in Group I. 

We have seen from Fig. 115 that when two equal voltages 
{AiAt and Bift) have an angle of 120"^ between them, their 
sum or resultant voltage {AiBt) is equal in value to either of 




8 Amp. 



m 



■>A 




Fio. 133. Represents currents 
in balanced star-connected 
loads I, II, m of Fig. 132. 



Fig. 134. Neutral main of 
Fig. 132 carries current rep- 
resented by vector OA be- 
tween III and II, OX between 
II and I, zero current be- 
tween I and generator. 



the two voltages and has a phase difference of 60® with each 
of the two voltages. Similarly, the resultant of any two 
currents added to each other at an angle of 120° is equal in 
Value to either of the two currents and has a phase difference 
of 60° to each of the two component currents. 

Thus the resultant of the currents OA and OB can be 
Represented by the vector OX, Fig. 134. This vector will 
^ual 8 amperes and be at an angle of 60° to both OA and 
OB. 

But note that this vector OX repreaeutm!^ e.csa^\s^^\ 
cumento in III and II ia equal to the vectox OC Te^^x^'eRja&M^ 
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current in I and is in the direction exactly opposite to it- 
Thus the combined currents fed to the neutral for any two 
groups exactly neutralizes the current fed to the neutral tt(0^ 
the third group and no current flows over the neutral to tb® 
generator when the system is balanced. Of course if the 
load consists of single-phase groups separated from one 
another as in Fig. 132, the current OA (Fig. 134) will flov^ 
in the neutral wire between III and II, current OX betweea 
II and I, and zero current between I and the generator. 

Prob. 29-7. If the motor in Fig. 132 were a unity-power-factor 
motor requiring 2 kw. and there were 720 lamps of 60 watts each, so 
comiected to the neutral as to balance the system, what current would 
flow in the neutral? Construct diagram similar to Fig. 132 to show 
arrangement of lamps and neutral using one lamp to represent a 
group. State number of lamps this representative lamp stands for. 

Prob. 30-7. A four-wire three-phase system is to be used to 
operate five three-phase 230-volt motors operated at imity power 
factor, and six himdred fifty-watt lamps. Each motor takes 3 kw. 

(a) For what voltage should the lamps be ordered? 
(6) What current flows in each main if system is balanced? 
(c) Show by diagram similar to Fig. 132 how the load should be 
distributed. 

(6) Loads of different power factor. Let us replace the imity- 
power-factor three-phase motor in Fig. 132 with a three-phase 
motor carrying the same current of 10 amperes in the motor 
coils but at a power factor of 80 per cent lagging, and leave 
the same lamp load connected to the line. When the motor 
takes a balanced load of imity power factor, the 10 amperes 
in each coil of the motor is in phase with the voltage across 
that coil or across the line wires between which it is connected. 
Also the 17.3 amperes in the lead connecting each motor 
terminal to a line wire is in phase with the voltage between 
that line wire and the neutral wire, just as the current in the 
Jead from each line wire to one oi tY^e »\«i-^50Tcafc^\^ V5»d& 
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I, II; III is in phase with the voltage from that line wire to 
the neutral 0, when the loads I, II, III are non-inductive. 
When the power factor of Af is 80 per cent lagging, the 10 
amperes in each coil lags 37° behind the voltage across that 
coil or between line wires, and the 17.3 amperes in each motor 
lead lags 37° behind the voltage between that lead or line 
wire and neutral. Therefore, if the loads I, II, III are non- 
inductive, and M operates at 80 per cent power factor 
lagging, it follows that the 17.3 amperes in each motor lead 
lags 37° behind the 8 amperes in each lead to I, II, III. 



13.8 amp. 




Fig. 135. Currents in all taps to same main in Fig. 132 arerepresented 
in relation to same voltage (in this case, from main to neutral), and 
then added vectorially. 



The resulting current to the mains would, therefore, be the 
combination of a current of 8 amperes with one of 17.3 am- 
peres lagging 37°. To find the value of this resulting current, 
construct Fig. 135. Vector OA represents the 8 amperes 
carried by one main to supply the lamps. Vector AC drawn 
lagging 37° behind OA represents the 17.3 amperes carried 
by the same main to supply the motor. Vector AB repre- 
sents the .in-phase component of AC, that is, in phase with 
OA. Vector BC represents the quadrature component of 
AC (that is, in quadrature with OA) and lags 90° behind 
the in-phase component A B. The vector OC repr^^\\^^^3wb 
vector sum or resultant of the in-plciase compcyaeoX*^ O k ^^^ 
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89. Starting Current. We have seen tliat the sta 
current of smaM iniiuction motors is usually taken as abij 
twice the full-load current. This is easily accounted fori 
the fact that when the bars of the rotor are standing bI 
the rotating field sweeps across them at a faster rate t] 
when they are rotating in the same direction as the 6 
Thus a higher voltage is induced in the bars at starting 4 
a greater current flows than after the rotor has attained 
speed. 

Although it is customary to use twice the full-load currrat 
as the starting ciurent, many squirrel-cage motors would 
take five or six times the full-load current if thrown directly 
on the line. Accordingly, starting devices are used to enable 
the motor to get up a certain speed before the full voltage is 
applied. These devices are explained later in this chapter. 

90. Power Factor of Starting Current. /The power 
factor of the starting current is low, usually not higher than 
50 per cent for motors up to 5 horse power. The main cause 
for the power factor of the starting current being lower than 
the power factor of the full-load current is the fact that the 
reactance of the rotor is greater when the rotor is at rest than 
when it is rotating. \We have seen that the larger the react- 
ance the lower the power factor, other conditions remaining 



The greater starting reactance is caused as follows: 
The reactance depends upon the frequency of the current, 
the higher the frequency the greater the reactance against 
it. (See paragraph 53.) When the rotor is standing still, 
each bar is cut by the magnetic flux from two poles of 
the rotating field dui-ing-each cycle, since the field rotates 
in step with the alternations of the voltage and ciUTCiil 
in the stator or the supply line. The frequency of the volt- 

age iadticed in the rotor bats \5, feeife^ott, 'O&e. ¥a.-Kie, ■&& \{v. 

^Bqueney of the current in ftve a^-sAox. Vq. o'O&e^ -««=«&=., x-m^ 
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lotor, when stationary, is just like the secondary of ai^ 

lansformer, and the frequency of the induced current mue 

qual the frequency of the primary current. 

Now if, on the other hand, the rotor was revolving at th 

eed as the field, then the bars would not be cut at a 

>y the magnetic lines and the frequency of rotor voltage aa 

jurrent would be zero. But when the rotor of Fig, 161 faB 

Dehind and makes just one fewer revolutions per second tha 

ihe field makes, then the bars are cut by the magnetic fiel 

rf a stator pole twice each second and a voltage of a frequenc; 

Kf one cycle per second is induced in the bars. At full loai 

the slip of most motors is about 5 per cent, so the frequenoj 

of the induced voltage in the rotor would be about 5 per cen 

of 60, or 3 cycles per second on a 60-cycle system, with th 

notor nmning at full-load speed. Thus the induced voltf^ 

1 the rotor at rest has the same frequency as the line or ha 

100 per cent of line frequency, while the induced voltage il 

;lie rotor at full-load speed is only about 5 per cent of the lin 

frequency. The reactance of the rotor circuit is, therefoH 

100 per cent „ .. . ■fi- T Z '^' * <■ n i 

~s — ■ or 20 tunes as great, at startme as at full-Ioa 

6 per cent 

Mi, and the power factor is correspondingly lower. ' 

L Selection of Motors. Pull-out Load. From 

foregoing it is seen that the power factor is lower at the start 

than at full-load speed. But it is also true that the smalld! 

Hie load on an induction motor the lower the power factorj 

that is, the power factor is bad for either very light loads o 

(heavy overloads. Furthermore, the efficiency is also low at 

light load and at heavy overload, being greatest usually at 

or near rated full load. In selecting an induction motor 

therefore, for a given duty, care should be taken to get one 

having the proper rated horse power. 

Do not get a motor of too great ^Yoiae ■5icfw&\ \«^ "^^ ^^^i 

ecause it will not be running at ivia VjsA b.^^ ^'^^ -OoKt^KK^ 
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becomes greater than that for which the breaker U set, the 
magnetic attraction then overcomes these restraining effects 
and the tendency is to pull the plimger up into the solenoid 
until it strikes the tri^ef T which will release arm D. Then 
the spring Q will force the arm out to the position shown in 
dotted hnes, opening the circuit. However, with the time- 
limit circuit breaker, the plunger is prevented from risii^ 
immediately because of the restraining action of the time- 





Fia. 172 Diagram of a 

time-limit type of circuit 
breaker. Pennits mo- 
mentary overload but 
opens on continued 
overload. 



Fig. 173. Time-Umit relay used to opi- 
ate an ordinary type of circuit breaks 
and serve same purpoeee as Fig. 172. 



limit device (E7 and R) due to the adhesion of the smootli 
bottom of the disk B to the bottom of the cup U, which 
contains oil. But, if the overload endures, the continued 
puU exerted by the solenoid on. the plunger will overcome the 
adhesion between the fek anA. \)i* \iqV«sso. "A. "iJciR. ^s^j^^ the 
plunger will rise and ftie cffcvaVot^sJlfiSK -wSi. "Vfc -a^js^ 
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primaries in delta, marking voltages between lines and putting in 
proper ground connection. 

Prob. 3^7. Construct diagrams similar to Fig. 136, 137, 138 
and 139 for these transformers star-delta connected. 

68. Measurement of Power and Power Factor in a 

Balanced Three-wire Three-phase Circuit. The power in 

a balanced three-wire three-phase circuit can be measured 

by attaching two wattmeters as in Fig. 140. Note that the 

wattmeter Wi to read the power taken by the motor M has 




Fig. 140. Total power carried by any three-phase system, balanced or 
unbalanced, at any power factor, may be measured correctly by two 
wattmeter readings as here indicated. 

its current coil connected in one lead, in this case, C, and the 
voltmeter coil is between lead C and lead B. 

The ciurent coil of wattmeter TF2 must be placed in line 
Af so that its voltmeter terminals may be attached to Une 
A and line B, The algebraic smn of these two wattmeter 
readings is the effective three-phase power taken by the 
naotor.* •> 

* The two wattmeters should both be connected in the same manner 
to each Une; that ia, if the + or right-hand side ol \i\ie «jcMaa\fc^ «sAK5wi 
voltmeter tenninals of Wi are connected to tVie ixxoXiOT s^^'^ <2^ *Osife\s!>R.> 
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The apparent power is found by connecting the voltmeter 
V and the ammeter A as in Fig. 140 and multiplying the 
product of their indications by 1.73. If the sjrstem is only 
sUghtly out of balance the average readings of an ammeter ' 
placed in each lead successively may be taken as the current, 
and the average voltage between leads as the pressure. The 
power factor may then be found from the equation 

^ . ^ Effective power 

Power factor = t -r^ 

Apparent power 

Sum of wattmeter readings 



1.73 X line volts X line amperes 

Prob. 37-7. Two wattmeters connected like Wi and Wt in FiS* 
140 indicate 2100 and 1100 watts, respectively, the voltmeter, 224 
volts, and the ammeter, 9.4 amperes. 

(a) What power does the motor take? 

(6) What is the power factor of the motor? 

Prob. 38-7. A wattmeter connected like Wi in Fig. 140 indicated 
3120 watts. Another wattmeter connected as W2 reads 2980 watts. 
The average reading of an ammeter when placed in the three leads 
was 15.9 amperes. The average voltage between leads was 223. 

(a) What power was taken by the motor? 
(6) What was the power factor of the motor? 

then both the ammeter and voltmeter + or right-hand terminals of Vt 
should be connected to the motor side of the line. If both instruments 
now indicate properly, add the two indications. If the hand of one 
wattmeter tends to indicate negative value, reverse either the current 
or the voltmeter connections and subtract the reading of one wattmeter 
from the reading of the other. 



MOTORS, STARTERS AND CONTROLLERS 



287 



have no secondary coils. In the place of secondary coils, 
tap X is brought out of the middle of coil ab and tap y is 
brought out of the middle of coil cd. The voltage across 
each half -coil ax and dy will be half the voltage across each 
whole coil. So if 220 volts from a two-phase sj^tem are 
impressed across each of the coils ab and cd, the voltage across 
ax and across dy will be 110 volts. If Phase A of the induc- 
tion motor is connected to a and x, and Phase B to d and y, 
the voltage across the two phases of the induction motor will 
be only 110 volts, two-phase. The two coils on the stator of 
■ the motor are merely convenient conventional representa- 





FiG. 176. Auto-transformer arrangement for starting induction motor 
at reduced voltage; called ''auto-starter" or compensator. 

tions of the currents in the stator windings and do not at all 
indicate the actual arrangement of the stator coils. 

The motor is thus subjected to only half voltage when 
starting. As soon as the motor attains the proper speed, a 
switch disconnects the motor from the compensator and 
throws it on the line so that it receives full-line voltage. The 
same switch usually also disconnects the compensator from 
the Une. A transformer Qonstructed in this manner, TRith. 
taps from a single coil, is called an autcyAxw^^iornv^t. ^^^^^^a 
"taps need not be placed midway on t\ie ccS^\svx\» ^^^ $is?^^^ 
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A TWO-PHASE SYSTEM usually has four wires, say Ai and 
Aq, Bi and Bg. Loads are connected from Aj, to Ag, and 
from Bi to B^- The voltage from A^ to Aa is 90° out of phase 
with the voltage from Bi to Ba- These two voltages should have 
equal numerical value. Sometimes, but rarely, two of the wires 
are combined into one, forming a tiiree-wire two-phase system. 

A polyphase system is balanced when all three wires of 
the three-phase, or all four wires of the two-phase system, carry 
equal amounts of current. 

Generators for single-phase, two-phase or three-phase do not 
differ from one another essentially, except as to the maiuiei ia. J 
which the coils in the armature winding are connected togetlUGM 
and to the terminals. S 

Any given three-phase generator may be easily changed ftonl^ 
A to Y connection without disturbing the coils; in A it can de- T 

liver 1.73 times as much current per terminal but at only -r: 

times as much voltage between terminals as in Y- The power 
capacity is the same in either case. 

Total or kesultant curreht flowing in any given a 
of a three-phase system, to supply several loads connected t 
this main in either one or two of the phases, is found as follows 

1°. From power factor of each load, find phase angle hetwei 
its current and the voltage which produces it. 

2°. From known phase relations between the A and Y vii 
eges, find phase angle between each individual load current ai 
some one voltage, say the voltage from that main to neutn 
Thus, by comparison, we arrive at the phase relations of all i 
dividual load currents to one another. 

3°. Draw vector diagram showing individual load curreS 
that flow from same main, in their proper phase relation to a 
another. 

4°. Select one vector as base and, knowing all the angll 
resolve each vector into two components, one in phase with t 
base vector and one in quadrature (at right angles! with it. 
algebraic additions find in-phase component and quadratu 
component of total or resultant current in the main. 

6°. Amperes in main is equal to square root of sun 
o/ totaJ in-pbase component and total quadrature componecti 
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he motor has attained the proper speed, the switch is throi 
ip and connects the motor directly to the Hne through thai 
unning 

The same scheme is used for starting three-phase induction' 
notora. Fig. 178 shows the conven- 
ional diagram, while the construction 
)f such a three-phase compensator ia 
in Fig. 179. Here again the 
lay be those of three single-phase 
insformers star-connected, or they 
day be the three coils of a three-phase 
rtar-connected transformer. The whole 
eoils are connected across the three 
:s of a three-phase line, while only 
. certain part of each coil is connected 
lO a phase of the motor. Each phase 
S the motor, therefore, is subjected to 
only part of the line voltage for start- 
Fig. 180 gives the wiring diagram 
for switching the auto-starter to the 

ine and the motor phases to the low- 

roltage taps, by the down motion of pj^ jyg Three-phase 




be switch. Throwing the switch up 
isconnects the auto-starter and throws 
B motor on the full-line voltage. 
It is not necessary, however, to use 
iree coils in a compensator to operate 
a a three-phase system. Two coils 
onnected in "open-delta" may be 
5ed as in Fig. 181. In the open-delta 

lonnection, note that coil a& is put between lines 1 and 2, 1 
oil be between lines 2 and 3, while the third coil which. I 
would n&turaUy go between lines "i and "V \^ Qm\ywi.6.. 
matter of fact, the series combinatioTi oi ccSa oii wo&.'^c.^s. 



starting compensator 
tor induntion motors, 
equipped with no- 
voltage release (left 
side), and fuses to pro- 
t gainst overfoEtd. 
The cylinder switch at 
the bottom ia for mak- 
ing the starting and the 
running connection. 



k 



PROBLEMS ON CHAPTER VH 

Prob. 39-7. If the induction motors of Prob. 16 were added to 
the lamp load of Fig. 124 (one motor to each lamp group and each 
lamp group taking 10 amperes) , how much current would each of to 
mains receive from the station? 

Prob. 40-7. A 2300-volt three-wire three-phase transmission 
line has 30 single-phase distributing transformers supplying 1 kw. 
each at 95 per cent power factor, and 24 single-phase transformers 
each supplying 2 kw. 'at 90 per cent power factor. If the line is 
balanced, what current must the power station supply to each main^ 

Prob. 41-7. If the load of Prob. 39 was all on a single-phase line 
at the same voltage between wires, how much current must be sup- 
plied to each line wire? 

Prob. 42-7. If the load of Prob. 39 was attached to a four-iirire 
two-phase line, how much current must be supplied to each lin® 
wire? Assume the line to be balanced. 

Prob. 43-7. What current would have to be supplied to each 
wire of a single-phase line to supply transformers of Prob. 40? 

Prob. 44-7. What current would have to be supplied to each 
wire of a four-wire two-phase line to supply the trans£orm6i8 of 
Prob. 40, if the line was balanced? 

Prob. 45-7. Each main of a three-wire three-phase 112-volt 
distributing system can carry 25 amperes. How many 50-watt 112- 
volt lamps can be attached to this system if properly balanced? 

Prob. 46-7. If the system of Prob. 45 were a four-wire two-phase 
112-volt system, how many 50-watt lamps could be attached, assum- 
ing the system properly balanced? 

^ Prob. 47-7. How many 50-watt 112-volt lamps could be at- 
tached to a single-phase 112-volt system, using the same size wires 
as in Prob. 45? 

Prob. 48-7. How many 50-watt lamps could be used on the 
distributing system of Prob. 45, if it were used as a three-wire single- 
pliase line and the load were properly balanced? 

214 
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yould cause the armature to rotate counter-clockwise as in- 
iicated. There would then be set up in the armature wind- 
ngs an induced voltage as marked in the coils. Note care- 
ully that whatever current the alternating line voltage may 
orce through the armature windings at this instant must be ] 
orced against the induced voltage and must therefore produce* 
. motor effect tending to turn the armature in a countersj 
ilockwise direction. 

Note also that an alternating current at this instant cai 
low directly from the wires M and N through the neutral I 




« 



[Q. 204 The amiature of Fig. 203 haa turned through 00". The 
impressed alternating voltage between the tapping points is zero at 
this instant. The induced voltage between the brushes Bi and Bi i» 
the same as in Fig. 203. 

oils to the direct-current brushes without going through the 
rmature. Any apphance attached to the brushes Bi and Bt 
■ould at this instant receive all its power directly from the 
Itfirnating line. 

Let us assume, for the sake of simplicity, that the arma- 

ire resistance and reactance are neghgjbly small, and tliat 

le losses and reactions can be ne^ected aa\s, ■^^aRSAc^&^ Xva.^ 

when ibe converter is running idie. TJnAet 'Coftse ly:i^&S^^K««- 
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through the tube continuously. In Fig. 215, curve a is a 
copy of an oscillogram taken of the current flowing into the 
tube at A, and curve 6 is an oscillogram of the current flow- 
ing into the tube at A\ Note that neither current has a 
negative loop. Curve c is an oscillogram of the current 
flowing out of the tube at B into the battery. Note that it 
is merely the sum of curves a and b and that it never falls to 
zero, although it pulsates and is full of ripples. Fig. 216 
shows the direct-current curve, direct-voltage curve and the 







a 



20 
|l6- 
1.10- 

a 6- 







Fig. 215. Curve a represents the current in the lead wire at A of the 
rectifier of Fig. 214. Curve h is the current in the lead wire at A', 
Curve c is the current in the lead wire at B. Note that curve c is 
merely the sum of curves a and h, and that neither of them has nega- 
tive values or that the current in a and b flows only into the tube and 
never out of it. 

alternating-voltage curve obtained by an oscillograph, from 
a General Electric mercury-arc rectifier. 

The current in the opposite direction (from mercury well 

to carbon anode) is not entirely shut ofif. A small "in- 

verse " current will always flow in this direction, and it may 

at any instant become Yai^e er^o\i^\A ^-aMse a short circuit} 

— tor instance, when t\ie t\ib^ ^^^^^^ ^^ «xA*(kx^ n^sssqksss^^ 

off. This allows tlie mveTsa cxmeo^, \,o ^^xxxxva -q^c^ ^ 
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proportions and destroys the rectifying action. In fact any J 

cause which lowers the vacuum will allow the inverse current 
to be set up. Mercury will sometimes condense on the aide 
of the tube and drop on the red hot carbon anodea. This 
vaporizes the drop of mercury and instantly lowers the 
vacuum. The tube thus practically fomiR a, short circuit on 
the iilternating-c'jrrcnt liin;, smcc the current can How both 




Oscillograms taken on a. General Electric mercury-arc 

■, rated 60 cycles: volts, d-c. 30/118; a-o. 110/220; amperes. 

Upper curve: direct cunent, 23.6 amperes. Middle curve: 

reot voltage, 99.4 volta. Lower curve: alternating voltage, 220 

Lines marked z are zero line*. 



s through it with very little resistance. Precautions are 
Jierefore taken in designing the shape of the tube to prevent 
mercury globules from coming into contact with the carbon 
anodes. 

The reactance coils Ti and Tj may Ve CRwtofiA.""&- %.«^R?a^ 
transformer with Jarge leakage reac^iamte Sa vkrA., 



I 
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secondary divided into two equal coils. The negative of 
the batteries is then brought to the juncture of these two 
secondary windings, which perform the duties of both 
reactance coils Ti and T2 and also of the secondary winding 
DE. 

A tube constructed for use on a three-phase circuit works 
even better than a single-phase tube. Fig. 217 shows the 

connection for a three-phase tube. 
Noter that the return from the bat- 
tery is brought back to the neutral 
juncture of the three Y-connected 
transformer coils. The front and 
rear appearance of a mercury-arc 
battery-charging equipment isshown 
in Fig. 218. 

114. Rating and Efficiency of 
Mercury-arc Rectifiers. The most 
common size of tube for chai^g 
storage batteries is built of glass 
with a maximiun capacity of 30 
amperes direct current, and with a 
mininnnm current of 5 or 6 amperes. 
If the current in these tubes is raised 
much above 30 amperes, the glass 
becomes too hot and soon breaks 
down by taking on a coating of 
Fig. 217. Diagram of con- j^^^cury which short-circuits the 
nections for a three-phase . 1 xi? xi_ . 1 i_ 

mercury-arc rectifier. termmals. If the current drops be- 
low 5 or 6 amperes, the arc "goes 
out '' and the tube must be tilted up and started again. In 
other words, it takes 5 or 6 amperes to keep the mercury 
suSiciently vaporized and electrified to maintain an arc. 
Other sizes in glasa ate Ta\^dL a\, \^,'I^> ^S^ «5jA 50 amperes 
maximum. Steel tubes de\tvjet a^\>^^ ^^^ ^^sss^^ssj^^sssfe. 
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iurrent. They can be built for practically any voltage byl 
laking the distance between the anode and the mercury well | 
ir cathode) great enough. Tubes have been built to operate J 
in 6000 volts. The direct voltage may l3e made any value 1 
•etween 20 per cent and 52 per cent of the alternating voltage J 





. 218. Front and rear views of a, General Electric mercury-arc^ 
rectifying outfit for chargjng storage batteries. 

E the transformer secondaries and the direct current 1| to 2^ 
mea the alternating current. The drop across the tube is 
ways 14 volts in the battery-chaining type and 25 volts in 
aiea-lightmg type, regaj-dless ol -wWt \]Bfe"mi-9t?saw.^-^>5*i ^ 
The efficiency then depends eiAvcAY mi^oq.'Oqr.-^^S**^' 
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amperes. If each of the branches from panel board A is rated to 
cany 660 watts, then Main No. 1 must carry 6 X 660, or 3960 watta. 
Each wire of Main No. 1 will therefore have to be large enough to 
carry ^^, or 36 amperes. This will require a No. 6 rubber-covered 
wire, according to Table II in the Appendix. 

The feeder (from the meter to the first floor cut-outs) must carry 
the current for Main No. 1, 36 amperes, and for Main No. 2,24 
amperes, or 60 amperes. This feeder must therefore be No. 4 
rubber-covered wire, according to Table II of the Appendix. 

70. Voltage Drop in Single-phase Two-wire System. 
The above determination of wire size for the different parts 
of the system does not take into consideration the drop in 
voltage along the line. 

As we have seen, this drop should not exceed 5 per cent of 
the voltage at the load (D) in the case of lamp, loads; and 
this drop may be distributed to best advantage according to 
the following table adapted from Cook's /'Interior Wiring." 



TABLE V 

Values of Maximum Voltage-Drop Allowance for Loads which 

Include Lamps. 





In per 
cent 


In voltage between wires for 


110 
volts. 


112 
volts. 


115 
volts. 


120 
volts 


240 

V0lt8. 

3.6 

2.4 

30. 

12.0 


Branches 


1.5 
1.0 
2.5 


1.65 
1.10 
2.75 


1.68 
1.12 
2.80 


1.72 
1.15 
2.88 


1.8 
1.2 
3.0 


Mains 


Feeders 




Total 


5.0 


5.50 


5.60 


5.75 


6.0 





From this table we see that we should not have more than 
5.5 volts total drop from the feeder switch to the most remote 
lamp, in a 110-volt Ughting system. 

Let us first calculate the drop to a lamp in Group B, which 
js situated farthest from the service pom\. T>. 
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Drop In branch. — We will assume that the distance to 
the load center * of the longest branch in Group B does not 
exceed 54i ft., since this length produces the maximum allow- 
able ypltage drop. We thus have 109 ft. of line wire in branch, 
outgoing and return. 

The resistance of 1000 ft. of No. 14 from Table III, Appen- 
dix, is 2.521 ohms. 

Resistance of 109 ft. = Vtftfir X 2.521 

= 0.275 ohm. 

The largest permissible current in each branch is f f^, or 
6 amperes. 

Voltage drop to overcome resistance = 6 X 0.275 

= 1.65 volts. 

This value, 1.65 volts, is allowed by Table V for the drop 
in branches on a 110-volt line. 

Drop in main. Main No. 2 extends to the cutout C on the 
first floor, a distance of 30 ft. + 20 ft., or 50 ft. This part of 
the circuit requiries a No. 10 wire, 2 X 50, or 100 ft. long. 

By Table III in Appendix, 1000 ft. of No. 10 copper wire 
has a resistance of 0.9972 ohm. 

Resistance of 100 ft. = tWit X 0.9972 

= 0.0997 ohm. 

The current carried by Main No. 2 is the current of the 
four branches from the cutout box B, each of which may carry 
6 amperes. The greatest current in Main No. 2, therefore, 
equals 4 X 6, or 24 amperes. 

Voltage to overcome resistance of Main No. 2 equals 

24 X 0.0997 = 2.39 volts. 

* The load center is the point on the branch at which the lamps may 
be considered to be concentrated, for convenience in calculating. The 
drop to the farthest lamp will be practically the same as the drop to the 
load center. For method of determining the location of this point see 
Cook's "Interior Wiring" or Croft's "American Electriciana* Has^ds" 
book." 
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This is more than double the 1.10 volts of Table V f(X 
allowable drop in mains. But before deciding the wire is 
too small, it is well to see if the feeder drop will not be enough 
smaller than the 2.75 volts allowed, to make up the difference. 
Drop in feeder. The feeder consists of 70 X 2, or 140 ft. 
of No. 4 copper wire having a resistance according to Table 
III of 0.248 ohm per 1000 ft. 

Resistance of 140 ft. = ^% of 0.248 

= 0.0347 ohm. 

As this may have to carry 60 amperes, 

Drop due to resistance = 60 X 0.0347 

= 2.08 volts. 

This is somewhat imder the 2.75 volts allowable. 

The total voltage drop due to resistance in feeders, mains 
and branches out to the farthest lamp from box B, when all 
the Ughts are on, would be 

Drop in branch = 1 . 65 
Drop in main = 2 . 39 
Drop in feeders = 2 . 08 

Total =6.12 volts 

This is somewhat over the amoimt (5.50 volts) allowed by 
Table V. 

Moreover, we have not yet considered the drop due to the 
reactance of the line. Let us assume that the wires are 
installed "open" at the standard distance of 2.5 inches 
between centers of conductors (see National Electrical 
Code, Rule 26, Sec. h). 

By Table IV of the Appendix, we see that the 60-cycle 
reactance of the No. 14 wire spaced 2 J inches as used in the 
branches is 0.1079 ohm per 1000 ft. 

. Consider average branch to be 54| ft. long; that is, having 
JD9It of wire. 
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leactanee of each branch is ,WV X 0- 1079 = 0.01 176 ohm. 

ifaximum current in each branch is ffS = 6 amp. 

ifanmum reactance drop is 6 X 0.01176 = 0.0706 volta. 
tias drop is too small to be considcretl and is usually 
iJected in practical computations, 
rhe reactance per 1000 feet of No. 10 conductor spaced 

inches is 0.0953 ohra, at the frequency of 60 cycles per 
ond commonly used for lighting cireiiita. 

Reactance of Main No. 2 = -^gSi of 0.0953 
= 0.00953. 
ia Main No. 2 carries 24 amperes, the voltage to overcome 



= 24 X 0.00953 
= 0.229 volt. 

lie 60-cycle reactance of 1000 ft. of No. 4 wire with 21- 
h Bpaeing is 0,0764. 

Reactance of 140 ft. = -^^ X 0.0764 
= 0.0107 ohm. 
Reactance drop in feeders = 0.0107 X 60 
= 0.642 volt. 
Total reactance drop = 0.64 -f 0.23 
=■ 0.87 volt. 

ui order to cheek up the total Une drop and be certain that 
does not exceed the limits given in Table V, it is generally 
)re satisfactory to assume that the line has the maximum 
Qp allowed by the table. This determines what the lowest 
saible voltage at the farthest lamp can be. Thus, if we 
lume that this Une has the full 5.5 volts line drop allowed 
Table V, then the voltage at the farthest lamp would be 
I — 5.5, or 106.5 volts. We now determine what voltage 
ist be impressed on the main switch D in order to give 
L$ volts at the farthest lamp and still allow 5.68 volta 
^snoe dmp and 0.87 volt reactance diop ui 'OosiNo^. 
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TABLE VIII 

Power Factor of Induction Motors ♦ 

(Two- and Three-phase) 



Hone power. 


Power factors. 


iload. 


Full load. 


1 

2 

5 

10 

20 

50 

100 

200 


0.60 
0.71 
0.82 
0.79 
0.83 
0.85 
0.87 
0.94 


0.70 
0.79 
0.85 
0.84 
88 
0.89 
0.91 
0.96 



* For 00 cycles; 25-cycle motors are practically the same. 

TABLE IX 
Demand Factors for Motor Loads * 



No. of motors. 


Character of load. 


Demand factor. 


1 


Individual drives — tools, etc. 


1.25 


2 


Individual drives — tools, etc. 


1.00 


3 


Individual drives — tools, etc. 


0.75 too 85 


5 


Individual drives — tools, etc. 


0.60 to 0.70 


10 


Individual drives — tools, etc. 


0.40 to 0.50 


20 


Individual drives — tools, etc. 


0.40 


1 


Group drives 


1.25 


2 or more 


Group drives 


0.70 to 0.75 


1 


Fans, compressors, pumps, etc. 


1.25 


2 or more 


Fans, compressors, pumps, etc. 


0.85 to 1.00 



The above values make no allowance for future increase m the load. 
* Ratio of probable maximum load to connected load. 

TABLE X 
Equivalent Distance between Conductors in Three-wire Systems 

Formula: equivalent distance = Vproduct of the tliree distances. 



Distance between 
adjacent wires 



Equivalent 
aiatance. . . 



§ in. 



lin. 



2 m. 



2iin. 



Sin. 



4 in. 



5 in. 



6 in. 



Sin. 



. 63 \ 1 .2^W .b*i\ ^ Ab\^ l^y. .^^ Vsl .^j^ ^ 
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Alternating current V8, direct 
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Ampere-turns, 31, 34, 48, 70, 74 

Angles of power factors, 82 
of power and reactive factors, 

129, 143 
table of, 354 

Anti-inductive circuit, 109, 142 

Apparent power, 80, 107, 210 
resistance, 60, 74 

Arcing, prevention of, 63, 73 

Armature windings in polyphase 
systems, relation of voltages 
in, 170 

Auto-starter, 286, 314 

Auto-transformer, 287, 291, 313 
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tems, 331 

B 

Back voltage, 60, 66, 72, 107 
relation to impressed voltage, 
139 
Balanced polyphase system, defi- 
nition of, 212 
Balancer coil, 331 
Balancing a three-phase system, 
189 
a two-phase system, 172 
" Bank" of transformers, 171 
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Prob. 4-8. Check the voltage drop to farthest lamp in Pant 
for the system of Prob. 3 when installed with the wire sizes de 
mined in Prob. 3. 

Prob. 5-8. If the nmnber of branches on Panel B of Prob. 
were doubled, determine the wire sizes to be used and check volta 
to farthest lamps. 

71. Three-wire Single-phase System. "Code" Wir 
Size. When motors are run on the same line with lamps 
double advantage over a two-wire system is gained by usia- . 
three wires. The current necessary to operate a givfe3 
number of lamps is only half what it is on a two-wire systeia. 
and there is available for the larger motors a voltage whicli 
is double that of th.e lamp voltage, thus halving the currents 
necessary for a given horse-power load. The following 
example serves to illustrate these advantages. 

Example II. In the wiring layout of Fig. 144, each of tb® 
eight lamp branches is to be wired to carry the maximtU^ 
660 watts. Each panel has two small-motor circuits, f ^^ 
fans, vacuum cleaners, etc., at an average lagging pov^^ 
factor of 60 per cent. Each of these circuits is to be wir^^ 
to carry the maximum 660 volt-amperes. In addition Pai^^ 
A has a 3-horse-power 220-volt motor of 81 per cent laggir^" 
power factor and B, a 220-volt 2-horse-power motor of 79 
cent lagging power factor. 

1. Calculate sizes of wire needed for each part of th 
system with all loads on full. 

2. Calculate the voltage of farthest lamp under ordinal]^ 
running conditions. 

Main No. 1. When a three-wire single-phase system is 
properly installed, the loads are so distributed and balanced 
that no current flows in the neutral wire, regardless of what 

.he power factor of the loads may be. It is necessary; 

heretore, to £nd the current in. the out^de ^wixea only* 
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Since the main-ewitch voltage is 115 — 230 volts, lamps 
and small motors must be supplied to run on j-^ , or 109.52 




iQ. 144, Three-wire angle-phase aystem for distribution in a build- 
ing. Note the two-wire branches balanced on the three-wire 
at the cut-out panels A, B. Small single-phase motors are on sepa- 
rate branches connected to the outer mains ; large motors would have 
Bepaiate mwns and feeder. Fan motors, M, taking less than 660 
Tolt-amperea are plugged into lamp sockets on ordinary branches. 
Iplts. This will require 110-volt lamps. The large motora 
230 



lUst be rated at 



1.05 



= 219 volts, or 11'^ No\\s ■^TWiXS.'i'^ 
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Panel A. Each outside wire to Panel A feeds two lamp 
branches of 660 watts each. Each outside wire, therefore, 
carries practically 6 amperes to each lamp branch or 12 
amperes to the two. This current is at unity power factor. 

Each outside wire also carries 660 volt-amperes or 6 am- 
peres to a small-motor branch. This current has probably 
a 60 per cent power factor lagging. 

In addition each outside wire carries current to a 3-h.p. 
220-volt motor. By Table VI (Appendix), we see that a 
3-h.p. 220-volt two-phase induction motor takes 7.2 amperes 
at full load. A 3-h.p. 220-volt single-phase motor would take 
double this current per wire, since all the current must be 
brought to the motor by one circuit instead of by two cir- 
cuits. The current per motor lead would, therefore, be 14.4 
amperes, the same as for a 110- volt two-phase motor of the 
same size. Table VI indicates that a No. 8 wire lead should 
be brought to the motor from the panel. This extra large 
wire is brought to the motor because it is likely in starting 
to take 5 or 6 times the full-load current, and must accord- 
ingly be fused for this amount. The size of the leads is 
determined by the rating of the fuses. In fact, it is even 
customary to consider the usual load on a single motor to be 
1| times the full load in order to provide for any extra load 
which may be used for a considerable length of time.* 

This would cause us to consider the usual current to be 
Ij X 14.4, or 18 amperes. This current has probably ^ 
power factor of 81 per cent lagging (see Table VIII, Ap- 
pendix). 

We thus have flowing in the outside wires of Main No. h 
a lamp current of 12 amperes, unity power factor, a motor 
current of 6 amperes, 60 per cent power factor, and a motor 
current of 18 amperes, 81 per cent power factor. 

* This li is called the "demand factor" of a single motor. See 
paragraph 72, 
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The resulting current in Main No. 1 may be found as fol- 



lows: 



Appliances. 

> 


Indi- 
cated 
current. 


Power 
factor. 


Reactive factor * 


Active 

component 

» Indicated 

current X 

Power factor 


Reactive com- 
ponent "Indi- 
cated current 
X Reactive 
factor 


Vi— Power factor^ 


Lamps 

Small motors . 
_Large motor. . 


amp. 
12 
6 
18 


1.00 
0.60 
0.81 


0.00 
0.80 
0.59 


amp. 

12.0 

3.6 

14.6 


0.0 

4.8 

10.6 


Line current 


30.2 


15.4 



The vector diagram representing this current condition 




tQ. 145. 



L2amp. ' 3.6 U.«amp. B 

Vector sum of all currents flowing from Main No. 1 to 
branches at A, Fig. 144, is AC amperes. 



Main No. 1 is shown in Fig. 145, from which the following 
lUation can be taken to solve for the indicated line current. 

Total line current in Mam No. 1 = VsO^^^flBA^ 

= V912 + 237 
= 33.9 amp. 

This, according to Table II, requires No. 8 wire for the out- 
ie wires of Main No. 1. It is customary to make the 
iutral wire the same size as the outer wires when the outside 
Ires are smaller than No. 6. This enables one side of the 
stem to be kept in operation even though the other side is 
>ened by some mishap. Thus Main No. 1 would consist 
three No. 8 wires. 
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Main No. 2. As in Main No. 1, each of the outside wires 
of Main No. 2 must carry 12 amperes at unity power factor 
to supply two lamp branches of 660 watts each, and 6 am- 
peres at 60 per cent power factor to supply one branch of 
660 volt-amperes for fractional horse-power motors or 
appliances. 

In addition Main No. 2 must supply a 220-volt 2-h.p. 
induction motor of 79 per cent power factor. According to 
Table VI a two-phase 220-volt 2-h.p. motor requires 5 
amperes at full load. A single-phase motor of same horse 
power would require 2 X 5, or 10 amperes. The motor leads 
should be of No. 10 wire according to this table. The mains 
must be heavy enough to carry 1 J X 10, or 12.5 amperes to 
allow for possible continued overload. 

Mains No. 2 must, therefore, carry: 

Lamp current 12 amperes at unity power factor. 

Small-motor current.. 6 amperes at 60 per cent power 

factor. 
Large-motor current. .12.5 amperes at 79 per cent power 

factor. 

The resulting current in Main No. 2 may be found as 
follows: 



Appliances 


Indi- 
cated 
current 


Power 
factor 


Reactive factor « 
Vi— Power factor* 


Active com- 
ponent » 
Indicated 
current X 

Power fac- 
tor 


Reactive com- 
ponent -Ittoj' 
cated current 
X Reactive 
factor 


Lamps 

Small motors. . 
Large motor... 


amp. 
12 

6 
12.5 


1.00 
.60 
.79 


.00 
.80 
.62 


12.0 
3.6 

9.9 


0.0 

4.8 
7.8 _ 


Line current 


25.5 


12.6 





From Fig. 146, representing the above active and reactive 
components of the line^urrent^ we may wii^ tke equation: 
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Total indicated current in feeders = V55.7* + 28* 

= V3102 + 784 
= 62.3 amp. 

According to Table II, the three wires of the feeder must 
be No. 4 size. 

Thus the outside wires of the feeder in this case must cany 
not more than 62.3 amperes which, according to Table II, 
would require the (rubber-covered) conductors to be of No. 4 
size. This presumes, however, that every motor will be 
running at the same time, with all lamps bmning, a mo* 
improbable state of affairs. However, as the load is much 
more hkely to increase than to diminish in the coiu*se of time^ 
it is the practice of many engineers not to load any branch 
circuit initially to more than about 80 per cent or 90 per cent 
of its permitted capacity (660 volt-amperes), and not to 
make any feeder or main of less capacity than the actual 
aggregate of the maximum capacities of all branches con- 
nected to it. In view of usual experience with wiring sys- 
tems, it is considered that the cost of excess investment in 
copper, which for a while may not be used to its full capacity, 
is less than might be the cost of changing the size or amount 
of copper as the load grows. 

72. Voltage Drop to Furthest Lamp Due to Resistance. 
Consider lamp on branch from Panel B. 

Drop due to resistance of branch wires. Inasmuch as we 
do not know the length of the branch from Panel B, we will 
assume that we have the maximum branch drop allowed in 
Table V, for a 110-volt branch, or 1.65 volts.* It is then 
necessary to limit the length of a branch, assimied to carry 
the maximimi allowable ciu'rent of 6 amperes, to such value 
as will consume this voltage. 

Drop due to resistance of Main No. 2. The length of Main 
No. 2 is 70 + 50, or 120 ft.^ There are thus 2 X 120, or 
240 ft. of No. 8 wire in the outer wires. 

* Note that the voltage of each lamp branch. Is 110 volts, not 220 volta 
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Resistance of 1000 ft. of No. 8 copper wire (Table III) = 
6271 ohm. 

Resistance of 240 ft, of No. 8 copper wire = AV^ of 
,6271 = 0.1505 ohm. 

Demand factor. In calculating what carryiog capacity a 
ire must have, it is good practice to use the full-load * cur- 
ints of all the motors assuming them all to be running at 
le same time. But in computing the voltage drop on the 
ne, we wish to know what this drop will be under usual 
iinning conditions. Since it is not the usual condition to 
ave all the motors running at full load at the same 
ime, we need not use all of the full-load currents of all 
he motors attached to the line. We accordingly use only 
hat fraction of the arithmetical sum of full-load currents 
'hich it has been found in ger.eral practice is the fraction of 
ae full-load currents usually flowing in the hae. This 
action, which the usual line-current is of the sum total of 
ill-load cunents, is called the " demand factor " of the line, 
nd can be found tabulated for various combinations of 
lotors in Table IX of the Appendix Note that the more 
lotors there are on tiie line, the less likelihood there is of 
leir all running at full-load and consequently the lower the 
emand factor. 

Assume that there are five small motors to each branch. 

Full-load current for small motor branch = 6 amperes. 

Average demand factor for 5 motors — 0.65 (Table IX). 

Usual small motor-current = 0.65 X 6 = 3.90 amperes. 

Power factor for small motors = 0.60. 

Reactive factor (Paragraph 71) = 0.80. 

Usual active current (small motors) — 0.60 X 3.90 = 
■M amp. 

■ When a fev lar^e motors are installed in combination with amall 
lotore or lamps it is good practice to use IJ full-load current toe tba 
IgB motora. 



i 



J 



THE LOOSE LEAF LABORATORY MANUAL 



A series of carefully selected exercises to accompany the texts 
of the Series, covering every subject in which laboratory or field 
work may be given. Each exerdse is complete in itself, and is 
printed separately. 8 by 10}. 



/mporfanf NoHem 
WILEY LOOSELEAF MANUALS 

The sale of separate sheets of the Laboratory Manuals of ihe Wtky 
Technical Series has been discontinued. These Manuals uriU, hen- 
after, he sold only as a complete hook with removal leaves. Descriptive 
literature mU he sent on request. 

CHEMISTRY 

Exercises in General Chemistry. By Chables M. Allen, 
Head of Department of Chemistry, Pratt Institute. An 
introductory course in Applied Chemistry, covering a year's 
laboratory work on the acid-forming and metallic elements and 
compounds. 62 pages, 8 by 103^. 61 exercises. 
Complete in paper cover. Removal leaves. $1.00 net. 

Quantitative Chemical Analysis. By Chables M. Allen, Head 
of Department of Chemistry, Pratt Institute. 12 pamphlets. 
8 by 10 J^. Complete in paper cover. Removal leaves. $1.00 net. 

Qualitative Chemical Analysis. By C. E. Bivins, Instructor in 
Qualitative Ansdysis, Pratt Institute. 11 pamphlets, supple- 
mented by Work Sheets by which the student is taught equa- 
tions and chen^ical processes. Complete with work sheets in 
paper cover. Removal leaves. • $1.25 net. 

Technical Chemical Analysis. By R. H. H. Aungst, Instructor 
in Technical Chemistry , "PtaXX. \\i&M\\.\yXfe, 19 pamphlets. 8 by 
10}4. Complete. "R-emoNaW^^^. WJJK^i^x, 

Exercises in Xnd^tTi^X C^em^iiXx;^- ^^J^ 

Instructor in Quaiil&twe Kivas.:j®a,r v ^ 



238 ESSENTIALS OF ALTERNATING CURRENTS 

vector AC representing the indicated voltage should lead the 
active component line by 26°. The main switch voltagp 
must equal the vector sum of this lamp voltage of 109.52, 
the resistance line drop of 4.95 volts and the reactance line 
drop of 0.86 volt. 

Add the resistance line drop of 4.95 volts to the lamp volt- 
age of 109.52, by drawing the vector CE. This must be 
drawn in the same direction as AX since this drop is in phase 
with the current. 




B D X 

Fig. 150. Finding the voltage (AF) required at one end of a line, in 
order to deliver voltage AC at the other end. 

Add the reactance line drop of 0.86 volt by drawing the 
vector EF. This must be drawn leading upward at 90® to 
the direction of AX, since the voltage to overcome reactance 
must lead the current by 90°. Both vector CE and vector 
EF are drawn much longer than they really are, in order to 
make the diagram clear. This does not affect the computa- 
tion, however. 

The vector AF now represents the vector sum of the lamp 
voltage 109.52, the resistance line drop 4.95 and the reactance 
line drop 0.86, and is, therefore, the voltage which the main 
switch must deliver in order to maintain a full-load voltage 
of 109.52 at the lamps. 

The value of AF can be found as follows: 

Draw dotted lines CB and ED, perpendicular to AX. 

AF = VAiy + DF^. 
AD^AB + BD. 
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AB = 109.52 X power factor 
= 109.52 X 0.905 
= 99.15 volts. 

BD^CE-- 4.95. 
AD = 99.15 + 4.95 
= 104.1. 

DF = DE + EF. 

DE = CB = 109.52 x reactive factor 
= 109.52 X 0.426 
= 46.7. 

EF = 0.86. 
DF = 46.7 + 0.86 
= 47.56. 

AF = V104.P + 47.562 
= 114.4 volts. 

The main switch voltage must, therefore, be 114.4 volts 
in order to overcome the line reactance and line resistance 
and still leave 109.52 volts at the lamps. As we have 115 
volts at the main switch, the sizes of wires planned are 
sufficiently large to insure satisfactory service. 

Prob. ^8. Calculate the voltage drop to the farthest lamp in 
Example 2 with the lamps only from both panels turned on. 

Prob. 7-8. If, in Fig. 142, a balanced three-wire single-phase 
system were used in which all three wires are of the same size, how 
many pounds of copper wire would be saved? The weight per 
thousand feet of copper wire can be found in Table III. 

This problem demonstrates the advantage of using a three-wire 
single-phase system instead of the two-wire layout, even for a lamp 
load only. 

Prob. 8-8. Check the line drop to the lamps wired from Panel A 
in Fig. 144. 

Prob. 9-8. Calculate the size of wire to be used for feeders and 
mains in a S3n3tem like Fig. 144, except that Panela B «si<i k^^ \s^- 
ieaxsbADged. 
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Prob. lQ-8. Calculate Example 2 for a 25-cycle line. 

Prob. 11-8. What size branch wires should be run to a 50-horse- 
power single-phase 250-volt induction motor? 

Prob. 12-8. How many 1-horse-power 110-volt single-phase in- 
duction motors can be fed by a No. 8 conductor? 

Prob. 13-8. Compute the line drop (including reactance and 
resistance) in the branch wires of Prob. 8-8, if the distance to tlie 
main is 200 ft. 

74. Two-phase Circuits. Size of Wire. In calculating 
the size of wire to be used in a two-phase four-wire system, 
treat each phase as a single-phase system carrying one-hfiJ^ 
the power deUvered to the two-phase appliances. 

Prob. 14-8. Calculate the size of wire for feeder, mains ^^*^^ 
branches of the same length as in Fig. 142 if the panels were each f ^^ 
by a four-wire two-phase system. Total load as in Example 1. 

Prob. 16-8. Calculate the size of wire for feeders, mains »^^ 
branches of Fig. 144 if each of the two panels is fed by a four-W^;0 
two-phase system. Use loads and distances of Fig. 144 and ^B^^^ 
ample 2. Lamps and motors 110 volts. 

Prob. ld-8. Calculate wire for system of Prob. 14, using 
cycles instead of 60 cycles. 

75. Size of Wire for Three-phase Three-wire Systenc:^ 

Since polyphase induction motors are self-starting, polypha^-^ 
systems are desirable, where many motors or large motc^^^*" 
are to be operated. The most economical polyphase syste^^^*^ 
in the matter of wiring and in generator and motor equips 
ment is the three-wire three-phase. 

Example III. Size of Main No. 2. Consider the lay^*^ 
out in Fig. 151. The wire sizes are determined as before?^ 
by computing the amount of current each part of the circuit 
has to carry. The lamp load on Main No. 2 is balanced and 
consists of three branches, each wired to carry 660 watts. 

With main-switch voltage 115, lamps must be used of tttfj or 

I OP. 5 volts. The nearest standard lanip laaa tVi'^i VVQ-volt 
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fstoig. . At 110 volts 6 amperes are used per branch. The 
Jsmp current in each Main No. 2 would, therefore, be 
J-?3 X 6, or 10.4 amperes. 
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«lG. 151. Three-phase digtributing aystem. Fuaes or cut-outs are 
not shown, which should be inserted in a smaller wire wherever it 
joiuB a larger one. Often the motor system is entirely separate from 
the lighting system. 

The two motors are three-phase motors and each is siuj- 
poeed to take a balanced load from ^be \i\a«ft '^&&afis>. 
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The 1-h.p. motor may take 6.4 (full-load) amperes (Table 
VII), or IJ X 6.4 = 8.0 amperes possible running cur- 
rent, at 70 per cent power factor. 

The 2-h.p. motor may take 11.6 (full-load) amperes, or 
li X 11.6 = 14.5 amperes possible running current, a!; 
79 per cent power factor. 

Each wire of Main No. 2 must, therefore, carry the com- 
bination of 10.4 amperes at unity power factor, 8 amperes 
at 70 per cent power factor, and 14.5 amperes at 79 per cent 
power factor. 

This current can be resolved into its power and reactive 
components as follows: 



Appliance 


Running 
current 


Power 
factor 


Reactive 
factor 


Power 
component 


Reactive 
oompooent 


One 1-h.p. motor 

One 2-h.p. motor — 
TiftTnps , , 


amp. 

8.0 
14.5 
10.4 


0.70 
0.79 
1.00 


0.714 
0.613 
0.000 


5.60 
11.46 
10.4 

• 


5.71 
8.89 
0.00 




Total components 


27.46 


14.60 



The current in Main No. 2 thus consists of a power com- 
ponent of 27.46 amp. and a reactive component of 14.60 amp. 
To determine resulting current, construct Fig. 152. 
AD = 10.4 amperes power current of lamps. 
DB = 27.46 amperes power current of motor. 
BC = 14.60 amperes reactive current of motors. 
AC = resulting current in Main No. 2 

= VZE'+ BC" 

= V27 .462 + 14.62 
= 31.1 amperes. 

27.46 



Power factor of Main No. 2 = 



31.1 



Angle of lag = 28° (approx.). 

To carry 31.1 amperes. No. 8 wire should be installed for 
Main No. 2. By Table VII, the leads to the 1-h.p. motor 
should be No. 12, and to the 2-h.p. mo^^oi, ^o. %• 
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Size of Main No. 1. The lamp current in each conductor 
of Main No. 1 will be the same as in each of Main No. 2, 
namely, 10.4 amperes, according to Fig. 151. 




U.60 



Fig. 152. Vector AC represents the current in Main No. 2. AD rep- 
resents current of lamps; DB, power current of motor; BC, reactive 
current of motors. 

The maximum running loads of induction motors may 
equal 1 J times the full load for a considerable length of time^ 

A 



32.34 




Fig. 153. Vector AC represents the resultant current flowing in Main 
No. 1. It is made up of the lamp current AD, the motor power com- 
ponent, DBf and the motor reactive component, BC, 



Motors 


Full-load 
current 


Running 

current = IJ 

full-load 

current 


Power 
factor 


Reac- 
tive 
factor 


Power 
compo- 
nent 


Reac- 
tive 

compo- 
nent 


Two 1-h.p 

One 2-h.p 

One 3-h.p 


amp. 
2X6.4=12.8 
. 11.6 
16.4 


16.0 
14.5 
20.6 


0.70 
0.79 
0.81 


0.714 
0.613 
0.687 


11.20 
11.46 
16.60 


11.42 

8.89 

12.03 


Total motor current (aamnc 


nents) 


39.26 


32.34 




^ * 





The total current in Main No. 1 is, therefore, made up of 
the 10.4 amperes power current of lamps, 39.26 amperes 
power component of the motors, and S2.A'ti:^a.<^\I\M^ ^^^sss^sir 
nents of the motoTB, 
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Combine these components as in Fig. 153. 

AD = 10.4 amp. power current of lamps. 
DB = 39.26 amp. power component of motors. 
BC = 32.34 amp. reactive component of motors. 
AC = combined cmrent of lamps and motors 

= V49.662 + 32:3? 

= 59.28 amperes in Main No. 1. 



m 



■^ 



rT'\ 



h 



IbSE- 



Power factor = 



49.66 



= 83.7%. 



59.28 

Angle of lag = 33° (approximately). 

Each wire of Main No. 1 must be of size No. 4 in order tv^ 
carry 59.28 amperes. By Table VII leads to the 3-h.S^* 
motor must be No. 8. 

Size of feeders. The current in the feeders is foimd b^ 
adding the power components of the currents in Mains No. 
and No. 2, adding the reactive components of Mains No. 
and No. 2 and taking the square root of the sum of th^ 
squares of these values. Fig. 154 represents the addition. 

AB (sum of power components) 
= 27.46 + 49.66 
= 77.12 amperes. 
BC (sum of reactive components) 
= 14.60 + 32.34 = 46.94. 

AC = VAB^ + BC^ 
= V77.I22 + 46.942 
= 90.3 amperes. 
No. 2 copper would probably be 
Fig. 154. Total current, sufficiently large for each conductor 
AC, in feeder of Fig. 151; of this feeder in view of the unlikeli- 
combination of AC, Fig. hood that all motors will start simul- 
J.54 and AC, Fig. 153. taneously. 




•a7.« 



48.M amp. 



K Kesistance \ 
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• Resistance Voltage Drop in Three-phase Systems, 
topia branch. The lengths of the lamp branches being vari- 
md unknown, we will assume a drop of 1.65 volts, the maxi- 
aallowable for a 110-voIt 660-watt branch. (Table V). 
Up in Main No. 2. Current taken from each line wire 
lalanced lamp load = 1.73 X 6 amp. = 10.38 amp., at 
r power factor. 
B usual motor current is found as follows: 



-■ 


Full-1™d 
Power 


Reactive lanor^ 


Full-load 


™"™ut°' 


HBKtive 




.... 


0,70 
0.79 


0.714 

0.613 


n.6 


S-16 


7.11 




onenta 


13.64 


11.68 









(al active component of current in Main No. 2 consists 
;64 motor current and 10.38 amperes lamp current, or 
;+ 10.38 = 24.02 amp. 
^tive component = 11.68 amp. 

iaX hne current in Main No. 2 = V247U2= + 11.68^ 
; = 26,74 amp, 

B resistance of one wire of Main No. 2 consisting of 110 
No. 8 copper wire equals ,VA X 0.6271 = 0.06898 ohm. 
sal resistance drop along one wire equals 
26.74 X 0.06898 = 1.84 volts. 
)p in feeders. The current taken from Main No, 1 by 
alanced lamp load equals 1.73 X 6 = 10.38 amp. 
Susual current taken by the motors can be found as follows : 



DM. 

EHb. 


FulUoad 


Full-load 
VI -power factor' 


ithhvii. 


Full-load 

^tWe eom- 

pooent. 


^r^'jli^o' 




1 

2 
3 


t.70 
1.79 

• -81 


8,714 

0.613 

0-587 


2X6-4=12.8 
11.6 
16.4 


9.16 
13,28 


7,12 
9,63 


\ 


h 


.\ ^-S-.ia X^TE..^ 



.«.« X I 
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Demand factor for four motors = 70 per cent (Table \ 
Usual active component of motor current = 0.70 X 31. 

= 21 .98 amp. 
Usual reactive component of motor current = 0.70 X 25. 

= 18.12 amp. 

Usual active components for total current in Main No. 
consists of 10.38 amp. for lamps and 21.98 amp. for motors 
or 10.38 + 21.98 = 32.36 amp. 

Components of usual current in feeder: 





Active. 


Reactive. 


For Main No. 1 


amp. 

32.36 
24.02 


amp. 
18.12 


For Main No. 2 


11.68 


Total 


56.38 


29.80 







Total current in feeder = V56.382 + 29.80^ 

= 63.8 amp. 

The resistance of each conductor of feeder is the resistance 
of 80 ft. of No. 3 copper wire or ji%j^ X 0.1967 = 0.015736 ohm. 

The resistance drop in each feeder conductor equals 63.8 X 
0.015736, or 1.00 volt. 

Total resistance drop to lamps fed through Panel B: 

Resistance drop in both conductors of branch 

= 1.65 volt 
Resistance drop in one conductor of Main 

No. 2 = 1.84 volt 

Resistance drop in one conductor of feeder = 0.80 volt 

Total resistance drop per leg = 4.29 volt 

77. Equivalent Distance in Wire Spacing. The three 
res of a three-wire system usually are not equidistant from 
3h other; with open wiring there may be two and one-half 
hes between the neutral wire and eilYiet ol ^Saa^.-^^ qw*»<^ 
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res, and five inches between the two outside wires. Before 
may find the reactance from Table IV, it is therefore 
cessary to find the "equivalent distance" between the 
res. This is done by means of the equation: 

Equivalent distance = '^product of the three distances 

= ^2.5 X 2.5 X 5 
= 3.15 inches. 

The equivalent distances for the usual spacings will be 
Hind in Table X of the Appendix. The reactances for 
[actly these equivalent distances are not given in Table IV 
iit may be obtained approximately from that table. 

78. Reactance Drop in Three-phase Systems. 
Reactance drop in Main No. 2. Reactance of 110 ft. of 
0. 8 wire with the equivalent spacing of 3.15 in. = i^VV 
: 0.095 = 0.0105 ohm. 

Reactance drop in one wire of Main No. 2 

=» 0.0105 X 26.74 
= 0.281 volt. 

Reactance drop in feeder. Reactance of 80 ft. of No. 2 
ire with equivalent spacing of 3.15 in. = tSSit X 0.076 
' 0.00608 ohm. 

Reactance drop of one wire of feeder = 63.8 X 0.00608 

= 0.39 volt. 
Total reactance drop = 0.281 + 0.39 = 0.671 volt. 
Total resistance drop= 4.29 volts (page 246). 

I'e have assumed the drop on branch to be maximum and 
) be due entirely to resistance. 

79. Percentage of Line Drop. Voltage to Neutral. In 
le above example, it will be noted that we have computed 
le resistance drop and the reactance drop of one conductor 
ily. It is not convenient to use tlie dio^ ^q>tl^ \?«^ ^^^- 
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ductors because each conductor acts either as the Une or tiie 
return for the current in two phases. In order to find what 
percentage the Une drop is of the voltage across the switdi, 
we have heretofore compared the drop along two conductors 
(line and return) with the usual or full-load voltage between 
the same two conductors. Obviously it is not fair in deter- 
mining the percentage Une drop in a three-wire three-phase 
system to compare the voltage drop along one conductor with 
the voltage between two conductors. 

It is, therefore, customary to use as a standard not the 
voltage between two conductors, but the voltage between 
one conductor and the neutral point of the load. 

If the load is star-connected, we have a definite point as 
the neutral and can actuaUy measure the voltage between a* 

conductorand the neutral. Thus, 
in Fig. 155 when we have three 
lamps star-connected to a three- 
wire three-phase system, each 
lamp is connected between the 
neutral point N and one of the 
three line wires A, JS or C. As 




T 



B 



t 



5 

3 



Fig 155 -Neutral point'' of the voltage between any two of 

three-phase IS iv if loads 1, 2, . ,. ? . --- i, ,i i 
3 are exactly alike. Then, vol- the hne WU-es IS 1 15 volts, the vol- 
tage AN = BN = CN = 0.576 tage across any one of the lamps 
times hne voltage. ^^^ b^ ^^e voltage from a Une 

115 
wire to the neutral or j-^^ = 66.4 volts. Thus the voltage 

across lamp 1 is 66.4 volts and across lamp 2 is 66.4 volts, 
a. hough the two lamps are in series between the mains A 
and B, It wiU be remembered that the reason why the 
voltage between A and B does not have to equal the atilji- 
metical sum of 66.4 + 66.4 volts, is because the two voltages 
are not in phase, but at an angle of 60° with each other. 
Therefore, the resultant of the voltage across the two lamps 
equals 66.4 X 1.73; or 115 volts. In finding the percentage 
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line drop out to any one of these lamps we would find that 
percentage the line drop was of the voltage to neutral, that is, 
of the 66.4 volts across the lamp. 

But most lamp loads, as in Example III, are delta-con- 
nected, and the voltage across each lamp is the voltage 
between two line wires, as the 115 volts in Fig. 156. But as 
we cannot compare the drop in one line wire due to two 
phases with the voltage between wires which constitute one 
phase, we, even in the case of a delta-connected load, use the 
voltage to an imaginary neutral point. In the case of Fig. 
156, we would find the voltage drop along one wire, and, as in 

115 
Kg. 155, compare this drop with the voltage to neutral, ^^ 

H)r 66.4 volts. 

Thus in Example III, with a switch voltage of 115 volts, the 
voltage, to neutral would be 66.4 volts. Since the maximum 
allowable drop along one line c 
is 5 per cent,^the voltage to 
neutral at lamps must be at-" 



least 



66.4 



= 63.2 volts. 



1.05 

The percentage line drop to 
the farthest lamp can now be 
found as in paragraph 73. 
The power factor and re- 
active factor of current deli- 




FiG. 156. With delta-connected 
load, neutral point is imaginary, 
but same voltage relations hold 
as in Fig. 155. 

vered to Panel B are foimd from the following data of 

paragraph 76, page 245. 

Indicated line-current = 26.74 amp. 

Active component = 24.02 amp. 

Reactive component = 11.68 amp. 

Active component 



Power factor = 



Indicated current 
24.02 



26.74 
= 89.9 per ceiA. 
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Reactive factor = 



_ Reactive component 



Indicated current 
11.68 



26.74 
= 43.7 per cent. 

These factors correspond to an angle of practically 26® 
(Table I). Construct Fig. 157, similar to Fig. 150. 

Draw AX of indefinite length to represent the direction of 
the active component of voltage-to-neutral at the lamps, or 
the direction of the vector for current in a line wire. 

Draw vector AC to represent the voltage-to-neutral of 
63.2 volts at the lamps, leading the active component of 
voltage-to-neutral by 26°. 

Draw vector CE to represent the 4.29 volts drop (page 247) 
due to the resistance of one line wire. This vector is drawn in 




Fig. 157. Finding the voltage (AF) required at one end of a line in 
order to deliver voltage AC at the other end. Compare Fig. 150 for 
single-phase line. 

the same direction as the active component of voltage-to-neu- 
tral, because the drop is in phase with the active component 
of voltage-to-neutral, or in phase with current in the line wire. 
Draw vector EF to represent the 0.671 volt drop (page 247) 
due to the reactance of the line. This vector should be drawn 
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the active component of voltage, or the line current, 
because the drop due to reactance leads the line-cur- 
90°. 

'oltage-to-neutral at the switch must equal the vector 
;he voltage-to-neutral at the lamps, the line resistance 
one wire and the line reactance drop in one wire, 
ctor sum is represented by the vector AF, the value 
1 may be found as follows: 

AD--AB + BD. 

AB = 63.2 X power factor 

= 63.2 X 0.899 

= 56.8. 
BD = CE = 4.29. 
AD = 56.8 + 4.29 

= 61.09. 
DF = DE + EF. 
DE = 63.2 X reactive factor 

= 63.2 X 0.437 

= 27.6. 
EF = 0.671. 
DF = 27.6 + 0.671 

= 28.27. 

AF = \/61.092 + 28.272 
= 67.3 volts. 

'oltag6-to-neutral at the main switch must, therefore, 
volts in order to have not more than 5 per cent line 



highest accuracy, we shoiild take into account that the current 
is not exactly in phase with current in Main No. 1 and Main 
' that the angle is not 26° as in Mg. 157 for all parts of the 
«rhich fact has been neglected here. "iSo ectot ^1 ^TwiossabiL 
je results, and the work is much euxipYk&fiidu 
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115 
Since the volta^ to neutral at the switch is j-^ , or or 

66.4 volts, the sizes chosen for the feeders and for main 1 
2 may not give quite satisfactory service. Main No. 2 shoi 
be increased to No. 6 B. & S. 

It is generally the case when motors form a part of the 1( 
that the sizes calculated to carry safely the running loads, 
not cause excessive line drops for the usual loads on 
circuits. 

Prob. 17-8. Calculate the per cent line drop to the farthest h 
in Example III, using No. 6 wire for Main No. 2. 

Prob. 18-8. Calculate the size of 120 ft. feeders and 85 ft. mi 
to supply 165 fifty-watt Mazda lamp outlets by a three-wire th 
phase system. Feeder switch voltage 115 volts, phases balance 

Prob. ld-8. If seven 1-h.p. three-phase motors are to be 
tached to system of Prob. 18, what size must main and fee 
conductors be? 

Prob. 20-8. What is the voltage drop to lamp on Panel I 
Example III? 

80. Skin Effect of Large Conductors. When conduci 
of 300,000 circular mils, or larger, are nm, it is foimd that 
resistance to the flow of an alternating current is somew 
greater than that given in Table III. This increase in 
sistance is produced by the crowding of the current to 
outer part or "skin" of the conductor and has the effed 
actually decreasing the conductor area through which 
current passes, producing a corresponding apparent incrc 
in resistance. The eflfect is in direct proportion to 
frequency of the alternations, and results in a sUghtly gref 
voltage drop in the conductor. The amount of this d 
may be determined from any good electrical handbook. 



SUMMARY OF CHAPTER VHI 

L The SIZE OF WIRE that should be used in each part of a 
tributmg system is usually determined, for interior wiring 
nd relatively short distances, by two considerations only: 
UTUTG OF THE WIRE on account of its resistance, and 
tDUCTiOK OF VOLTAGE due to the impedance of the wire. 
Heating the wire beyond a certain temperature damages the 
insulation on it, tending to produce short-circuits and grounds 
with attendant risk of fires. Insurance cannot be had against 
damage from fire unless the current in each size of conductor is 
automatically limited to a certain value by means of a cut-out 
(fuse or circuit breaker) in series with that conductor. These 
values are specified in a table of "allowable CARRYIHG 

CAPACITIES OF WIRES " to be found in the " NATIONAL ELEC- 
TRICAL CODE " prescribed by the fire insurance companies. 

Reduction of voltage, due to impedance of the conductor, 
causes flicker of hghts or change of motor speed as the amount 
of load on the system changes. Experience indicates that for 
GOOD SERVICE the CHANGE OF VOLTAGE AT THE LOAD 
should not exceed 3 PER CENT 10 6 PER CENT FOR LIGHTS 
and 10 PER CENT FOR MOTORS. 

Less voltage drop for a given current or load is had by re- 
ducing impedance of the circuit; larger size of conductors 
means less resistance, and closer spacing means less inductance 
and reactance. Minimum spacings for usual circuit voltages 
are specified in the N. E. C. 

In SELECTING THE SIZE OF WIRE, the following procedure 
is convenient: 

1. Determine how many amperes each part of the load will 
require, knowing the power, voltage and power factor let us say. 

2. By vector addition of these currents for all loads connected 
thereto calculate the actual total current which must flow in each 
branch circuit, main and feeder, and the corresponding phase 
angle. 

3. From the Table of Allowable Cairjint Ca.'^ft.Oi.^'i^^-'^-^- 
• 'e IB) select the smallest size wiie ftiat "w'^ a^aS-eVi Wtf^ 

» of total current. 

268 _ 
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4. Decide what (minimum 1 spacing of wires shall be usedj 
and if necessary calculate the equivalent distance. 
from suitable tables calculate the total reactance and i 
resistance, in ohms, for each conductor of branch, main 
feeder. 

C. From the service voltage known to be available at feeder 
switch, and the maximum allowable per cent voltage drop, cal- 
culate minimum allowable voltage at the load {lamps or motors, 
at end of branches). 

6. Knowing the amount of current in each conductor and its 
phase relation to the load voltage, ADD BY VECTOR DIAGKAU 
the total resistance volts and the total reactance volts to the 
minimum load voltages and determine thereby what voltage at 
feeder switch is necessary to deliver this mininn im voltage at 
load. 

7. If this calculated feeder switch voltage is less than the 
voltage actually available there, the sizes of conductor selected 
(according to N. E. C.) are correct; if not, a larger size of wire 
must be tried. 

Conductors smaller than No. 14 B. & S. gauge may not be used 
anywhere in accordance with the N. E. C. except in lightLng 
fixtures between the outlet box and the lamp socket. Regard- 
less of the size of wire used, branches must be fused for cot 
more than 660 watts, which means 6 amperes on a 110-volt cir- 
cuit 3 amperes on a 220-volt circuit. 

Induction motors can safely take more than their normal 
full-load current for a considerable length of time, and 
conductors should be selected for a current 1,25 times 
load current of large motors. Where mains or feeders 
several motors, conductor material may be economized by ti 
into account the demand factor. 

Demand factor is the ratio of the maximum demand of any 
system, or part of a system, to the total connected load of Oie 
system or of the part of system under consideration. Values 
determined from measurements on various classes of load are 
to be found in engineering handbooks. In general, an increase 
in either the number or variety of consuming devices served 
causes a decrease in the demand factor. Typical values for 
motor loads are given in Table IX of the Appendix. Demand 
/Mctors for lighting loads may vary iiom v«i ?« tetA lav *jr* 
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lighting to only 20 per cent for some classes of residence; in the 
modern trend of development it is safest to assume 100 per cent, 
as has been done in this book. 

The size of wire is generally controlled by the allowable carry- 
ing capacity (N. E. C.) when the circuit is short, and by the 
allowable voltage drop when the circuit is long. When the drop 
controls, the sizes of feeder, mains and branches should be 
adjusted to one another so that the total drop is distributed 
approximately as indicated in Table V, in order to give best 
service. 

In SINGLE PHASE, the THREE-WIRE SYSTEM is almost al- 
ways used for mains and. feeder, and two-wire for the branches 
which are evenly divided or arranged so that the same load is 
drawn between neutral and either outer. If the system is so 
BAI.AIICED, there is no current and no voltage drop in neutral. 
However, neutral should be of same size wire as each outer. 

The advantage of the three-wire system of single-phase over 
the two-wire system is a considerable saving of conductor ma- 
terial, amounting often to GO per cent. Two-phase offers no 
saving of copper over single-phase, for the same voltage. Three- 
phase three-wire is the most economical system of distribution. 
tn any system, the amount of conductor material and conse- 
quently the cost of system is greatly reduced by using higher 
voltage, since thereby the amount of current to be carried is less, 

In three-phase three-wire systems, resistance volts in phase 
with the Une current and reactance volts in quadrature with the 
line ctirreat are added by vectors to the load voltage between 
line wire and neutral in order to find service voltage between 
line wire and neutral. This latter multiplied by V3, or 1.73, 
gives the voltage between Une wires at feeder switch or service 
point. 

If calculation indicates that the conductor should be larger 
than 300,000 to 600,000 circular mils, two or more EQUAL con- 
ductors should be connected in PARALLEL, otherwise much of 
the conductor material is rendered ineffective by SEIH EFFECT. ^ 

L J 
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PROBLEMS ON CHAPTER Vm 

Prob. 21-8. Find the size of wire to be used in feeder and mains 
to supply the lights from Panels A and B, Fig. 142, if three-wire 
three-phase system is used instead of two-wire single-phase. Use 
the same distances and loads as in Fig. 142, balancing the phases. 
Check the voltage drop to farthest lamp. 

Prob. 22-8. Compare the amounts of copper used to supply 
loads on Fig. 142, under the dijfferent systems. 

(a) Two-wire single-phase (Example I). 
(6) Three-wire single-phase (Prob. 6). 
(c) Three-wire three-phase (Prob. 21). 

Prob. 23-8. How much per cent of copper could be saved by in- 
stalling the system of Prob. 3 as a three-wire three-phase system? 
Check voltage drop to farthest lamp under this system. 

Prob. 24-8. Calculate the voltage drop to farthest lamp for the 
correct size of conductors to supply load of Prob. 5 if a three-wire 
three-phase system is installed. 

Prob. 2&-8. If the motors in Fig. 144 are changed to 110-volt 
three-wire three-phase motors of the same horse power, and a three- 
wire system is installed, calculate sizes of wire for the installation. 
Divide lamps into 3 branches of sixteen 40-watt lamps each. 

Prob. 26-8. Check voltage drop to farthest lamp of Panel A in 
Prob. 25. 

Prob. 27-8. Compare weight of copper necessary for installation 
of load of Prob. 25, under the following different systems: 

(a) Two-wire single-phase (115-volt motors). 
(6) Three-wire single-phase (230-volt motors). 

(c) Three-wire three-phase (115-volt motors). 

(d) Four-wire two-phase (115-volt motors). 

Prob. 28-8. Compute Prob. 24, using 25 cycles instead of 60. 

Prob. 29-8. If single-phase motors of same horse power and 
voltage were installed in Fig. 151, and t\ie syatoxi^et^ ^S!ck»x^^\f^^ 

256 
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e 110-volt single-phase, calculate the size of wire to be used 
difierent parts. Check voltage drop to the farthest lamp. 

. 30-8. Change the motors in Fig. 151 to 220-volt singly, 
lotora of the same horse power. What size conductor must 
Bed in feeder and mains if the system were changed to thtee- 

: 220-volt single-phase? Check voltage drop to farthest 

. 81-8. If motors in Pig, 151 arc changed to four-wire two- 
lOtora of the same horse power, what size conductor must be 

1 using the four-wire 110-volt two-phase system? Check 
to farthest lamp. 

, 33-8. Compare amount of copper in the different systems 
ited by Example III, Prob. 29, 30, 31. 
, 33-8. Show how two indicating wattmeters would be eon- 
n at the feeder switch of Fig. 151 to measure the total load. 
ould these indicate when the usual load was on the line as 
)d in Example III? 

. 84-8. What would an ammeter read if connected in a 
i Fig. 151, under the conditions of Prob. 30? 
, 35-8. Show that the reactance drop on a branch circuit ia 
lly negligible, as stated in Art. 70 and 7-3. 
, 36-8, If all the lamps fed from one of the ouf«rs on panel 
5. 144 were burned out or turned off, but all other loads re- 
unchanged, what then would be the amount of current in 
the (three) conductors in Maui 2? What would be the total 
in each feeder conductor? 

I 37-8. If half of the lamps on one aide of the neutral of 
, Fig. 144, were replaced by fan motors consuming the same 
of volt-amperes, at 0.60 power factor, calculate how many 
1 flow in each conductor of Main 2 and of the feeder, all other 
maining unchanged. Check the voltage drop. 
. 38-8. A three-wire single-phase main delivers 12 kv-a. at 
s to a load having 100 per cent power faetor, and aJao 6 kv-a, 
■olts to another load of 50 per cent power factor at the same 
, the loads being on opposite sides of neutral. How many 
( flow in each conductor of the main, and wiva*. me, Awa ^W, 
', require it to be? Rubber-coveied wae S& mssA.. 
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Prob. 89-8. The main of Prob. 38 is 100 feet long and the wires 
are spaced 3 inches apart all in the same plane. Calculate: (a) 
Equivalent distance; (6) Total resistance and reactance volts loet 
on each conductor. Frequency 60 cycles; (c) Volts required be- 
tween neutral and each outer at the input end of main, in order to 
deliver the stated voltages at the output end. Is the total voltage 
drop on either side too much for good lighting? 

Prob. 40-8. Solve Prob. 39 on a basis of 500 feet length for the 
main. Adjust size of conductors if necessary to give proper amount 
of drop. Compare results with those of iS-ob. 39, and draw con- 
clusions. 

Prob. 41-8. A single-phase two-wire feeder of 600,000 circular- 
mil cable delivers 420 amperes at 440 volts 60 cycles and 90 per 
cent power factor to a distance of 800 feet. The conductors are 
spaced 6 inches apart. If the voltage at input end of feeder is 
maintained constant, by what percentage will the voltage at the out- 
put end rise as the load is reduced to zero (that is, what will be the 
''voltage drop" expressed as per cent)? 

Prob. 42-8. Solve Prob. 41 on the assumption that power factor 
of load is 50 per cent instead of 90 per cent. Compare the results, 
and draw conclusions. 

Prob. 43-8. What must be the size of two (equal) smaller two- 
wire feeders in parallel, to deliver the same load as the single large 
feeder of Prob. 41? Rubber-insulated wire in both cases; same 
spacing. Assuming the cost of conductor to be in direct proportion 
to weight of metal, what per cent is saved by this substitution? 

Prob. 44-8. Calculate for the parallel feeders of Prob. 43 the per 
cent rise of voltage at output end of feeders from full load to zero 
load, voltage at input end being maintained constant. Compare 
this result with the corresponding figure for Prob. 41, and draw 
conclusions. 

Prob. 45-8. Try to explain why the heavier conductors in Table 
II cannot be permitted to carry as large a current in relation to their 
size, as the smaller conductors. 

Prob. 46-8. A No. single-phase two-wire feeder was originally 

installed to carry a load of 120 amperes, but the load grew to 220 

amperes and the station operator attempted to meet the situation 

l>y paralleling another two-wire feeder oi "i^o. 1 avL^. ^o\5cLi^R^«s^ 
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re the same spacing^ 6 inches, between conductors, and both have 
►ber insTilation. Do you think that together they are sufficient? 

?rob. 47-8. K the No. 1 feeder of Prob. 46 were carrying the 
5est current permitted for it by N. E. C. (Table II), what would 
the total voltage drop along the wires due to impedance? The 
ders are 500 ft. long. How many amperes must the No. feeder 
parallel then be carrying, since the impedance drop must be 
ntically the same along both feeders? Are these two currents 
phase with each other? How much is the total current? What 
io between current in each feeder and total current? * How do 
jse resTilts bear on Prob. 46? 

Prob. 48-8. By definition, one ampere of alternating current 
lerates heat at the same rate in any given resistance as one ampere 
direct current in the same resistance. How many watts are lost 
the feeder of Prob. 41? What per cent is this of the power put 
-0 the feeder? 

Prob. 49-8. If in Prob. 41 the same amoimt of power were de- 
ered at the same power factor but at double voltage (880 volts), 
what fraction of its former value would the heat loss in conductors 
e to their resistance, be reduced? 

Prob. b(y-B. If the resistance loss in Prob. 49 at doubled voltage 
re permitted to be the same percentage of power input as in 
ob. 41, what per cent reduction could be made in weight of con- 
ctors? 
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CHAPTER IX 

MOTORS, STARTERS AND CONTROLLEBS 

Direct-current power was developed commercially 
several years in advance of alternating-current power. 
Consequently, direct-current motors had already reached a 
high degree of flexibility and had a wide range of applicatioa 
before alternating-current motors came into use. The in- 
vention of the transformer, however, gave a great impetus 
to the construction of alternating-current systems, arid the 
improvement of motors to operate directly on these systems 
without the use of converters has been so rapid, that now an 
alternating-current motor can be obtained to duplicate the 
performance of nearly any given type of direct-current motor. 

81. Torque. The measure of the tendency which a motor 
has to turn is called the torque of the motor. It is measured 
by the product of the pounds pull at the rim of the puD^ 
times the radius of the pulley in feet. Thus a motor whiA 
will exert 6 poimds pull at the rim of a pulley of 1§ ft. 
radius, is said to have a torque of 6 X 1|, or 9 pound-^eet 
torque. Often, however, the torque is stated as the num- 
ber of pounds pull which a motor will exert at the rim of 
a pulley with one foot radius. Thus the above motor ex- 
erting 6 pounds at the rim of a pulley of IJ ft. radius 
would exert 9 pounds at the rim of a pulley with one foot 
radius. We can, therefore, say the motor has a 9-pound 
torque. 

82. Synchronous Motors. It is a great general truth 
concerning all electric generators that under proper condi- 
tions they will operate as motors. Similarly, all electric 

motors will operate as generators. Of course some minor 

260 
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Icationa or adjustments are often necessary to cause a. 
iBtor to operate successfully as a motor, or vice versa, 
he general statement is universally true, 
follows, then, that the alternating-current generators 
lated in Fig. 121, 122 and 123 may operate as alter- 
g-current motors. When so used they are called 
ironous motors, because the rotor revolves in synchro- 
()r"in time" with^thealternationsof the current. Thia 
iirf motor is generally constructed with the permanent 
etic poles on the rotating part. These poles are 
jd by direct current from some outside source. The 
ure is on the stationary frame as in Fig. 121 and 123. 
the current in the armature is continually alternating 
lagnetic poles formed by the armature windings are 
lually changing from north to south polarity and from 
to north, and the revolving field poles have to move 
i in time with these changes so as always to keep a pole 
proper (opposite) polarity close to each changing pole 
armature. 

B the rotor of Fig. 122 has 48 poles and the armature 
I poles. Consider one phase only. If the armature is 
Sted to a 25-cycle circuit, any given north pole produced 
I armature windings will change to a south pole during 
Bxt 5*5 of a second, and the south pole of the rotor 
I was opposite this north pole of the armature must 
:i on and be succeeded by a north pole. There being 
Jes on the rotor, the rotor must turn through ^V of a 
tttion in order to present its opposite (next) pole to the 
( pole now produced in this position by the armature 
Sttg. Since each armature pole changes every ^ of 
end, the rotor must move through ^ of a revolution 
ph bV of a second to keep up with the changes of the 
ture poles. This is what is meant by the rotor revolv- 
t synchronism with the alternations oi ^ae tMrte&^,. 
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The rated speed of this motor is its synchronous speed; 
which can be foimd as follows: If the motor makes A 
of a revolution in ^^ of a second, in a whole second it would J-io 
make 50 X iV; or l^*^ revolutions; thus, the speed would be 
60 X li^, or 62^ revolutions per minute. 

Note that the speed of a synchronous motor may be found 
by the equation 

c J / .X Frequency X 60 

Speed (rev. per mm.) = r7 — , . — -. j — t— 

*^ ^ Number of pairs of poles 

^ 25X60 

24 

= 62^ r.p.m. 

The advantages of these motors are: 

/' (o) They nm at constant speed for all loads up to 
limit of their capacity, when suppUed with power at coi 
frequency. If too great a load is put upon them, h< 
they fall "out of step" and stop. 

(b) The field windings can be "over-excited" and 
current taken by the armature will then have a leadiai^^^ 
power factor. This tends to correct whatever lagffDg ^ 
power factor other devices may put upon the line as seen in 
the preceding chapters. When so used they are called 
synchronous condensers. .; 

There are two great disadvantages which limit the use of 
these motors: 

(o) They are not self-starting when connected to a load. 

(6) In smaller sizes they are imstable and likely to " surge" 
or "hunt," and get out of step. 

For these reasons they are limited to large sizes and to 
installations where frequent stopping and starting is un- 
necessary. 

Prob. 1-9. At what speed will the generator of Fig. 122 and 123 
nm as a sjnchronous motor on a 60-cycle line? 
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i> 2-9. At what speed will a 12-pole 25-cycle syncturonov 

or operate? 

nob. 3-9. How many polea must a synchronous motor have il 

F Wder to operate at 314 r.p.m. on a 60-cycle system? 

Piob. 4-9. At what speed will the motor in Prob. 3 operate on m 
25-cycle hue? 

83. Induction Motors. Polyphase. The polyphase i 
iduction motor as illustrated in Fig. 158 and 159 is 





nduction Fia. 159. Rotor of polyphase 
induction motor. Squirrel-cage 
type. 

mplest and most tiommon form of alternating-current motor 
Bor industrial use. Note that the atator S or armature con- 
tfiists of a laminated steel frame, having slots in whieh formed 
coils are laid. The rotor R (squirrel-cage type) consists of 
copper bars riveted and soldered, or brazed, to end rings. 
-The polyphase current from supply line is led into the atator 
mndings only. The rotor has no electrical connection to 
ftie line, thus doing away with all brushes and slip rings. 

This motor is self-.atarting, even when connected to ita 
Ijiorma] full load, and has the chaTae.\.ens'C\a^ at "t. ?iisi«*.- 
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current shunt motor. That is, when unloaded, it hae » 
certain definite speed, depending upon the number of poles 
on the stator and the frequency of the system. As the losd 
increases, the speed falls off slightly at first then more and 
more until, at a considerable overload, the motor stops. 
Due to the very simple and rugged construction, it denuuiila 
no attention except occasionally oiling. 

84. Starting Torque of a Polyphase Motor. Rotating 
Field. The action of a polyphase induction motor may l» 
seen from a study irf 
Fig. 160, 160(1 and 161. 
Fig. 160 shows the ar- 
rangement of the two 
armature coils (d » 1 
two-phase generator, i 
Fig. 160o is a diagruu- 
matic representation 
of the two-phase gen- 
erator of Fig. 160 con- 
nected to a two-phase 
induction motoT- 
Phase A of the genera- 
Fig. 100. Skeleton view of a two-phase tor is connected to tWO 
generator. Coil A generates maximum Poles A on the statoT 
voltage at same instant coU B generates ^f ^^^Q mOtOr and 
"°™'''*''- Phase B of t^ gen- 

erator is connected to the two Poles B of the motor. The 
Poles A and B of the motor are represented as though they 
were saUent or distinct like the poles of a direct-current motor. 
It will be seen from the illustration of the stator S of an actual 
induction mo or in Fig. 158, that the poles are not distinct, 
but are merely regions of the frame surrounded by coils. It 
requires careful tracing out of the windings of the stator of 
3D actual motor to determine how many poles it has. The 
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!ct, however, is the same as though the poles stood out 
m the frame as shown in Fig. 160 and 160a. 
tt will be seen that in Fig. 160 and 160a, at the instant 
)wn, Phase A of the generator is cutting across the mag- 
tic field at the fastest rate, while Phaae S is in the neutral 
nation and therefore not cutting the magnetic field at all. 
lerefore, at this instant a maximum voltage is set up in 
oaee A of the generator and is sending current through the 
)il8 of Phase A in the motor, while there is no voltage in 
base B of the generator and thus no current through the 
)ila of Phase B of the motor. Thus we have a strong mag- 




'0. 180a. Two-phase two-pole induction motor driven by the generar 
tor of Fig. 160. 

itic field from Pole A to Pole Ai of the motor and no field 
oin Pole B to Pole Bi, as is seen from Fig. 161a which repre- 
ota the magnetic conditions in the motor at the instant 
own in Fig. 160. The arrow in the center of Fig. 161a 
presents the general direction of the magnetic field set up; 
ite that it is from A to Ai. 

When the armature of the generator has turned 45° from 
present position. Phase A will not be cutting magnetic 
es 80 rapidly and Phase B will have begun to cut magnetic 
es. Thus the current in the coUs of Phase A of the motor 
Q have decreaaed and a current will have started in Phase 
The magnetic field would then aflsvaoa aama ^Q».'^''fisE»i 
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Fig. 161b in which the general direction of the field baa 
turned around bo that it flows from Poles A and B to Pote' 
^1 and Bi. Comparing the direction of the airow in Eg,' 
161b with that in Fig. 16Io, we see that the 
has rotated through practically 45°. 

When the armature of Fig. 160 has turned through another' 
45°, Phase A will be in the neutral position and generating 
no voltage while Phase B will be generating its majdmum 
Thus the magnetic field between poles A and ii 




(•) » 

FiQ. 161. Two-phase two-pole mduction motor. Diagrams ahow hoff 
the direction of the resultant magnetic flux due to combined 
two phases makes one complete revolution during eadi cycle o( lic^ 
voltage. 

of the motor will have died out and the field from Pole B to 
Pole Bi will be at its maximum as shown in Fig, 161c. Note 
that the arrow showing the general direction of the magnetic- 
field has advanced 90° from the direction of the field in Fig- 
161a. 

Fig. 161ij shows the motor field condition at an instant 
45° later, when Phase A of the generator has begun to cut 
lines of force in the oppoate iiec^ioa omi eo \iaR bsj^m. to ^ 
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Ignetize Polea A and Ai in the opposite direction by reason 

a reversed current in this phase. Poles B and Si have 

own weaker, because Phase B of the generator has passed 

Bpoint of maximum cutting and is now sending leas current 

magnetize the B poles. The resultant field of the motor 

this instant has turned around another 45°. 

^ Fig. 161e, Phase A of the generator will be cutting lines 

in at the maximum rate, only in the negative direction, 

[ Phase B will be again in the neutral position. The result 

magnetization of Poles A and Ai in the direction opposite 

lhat of Fig. I61a, and no magnetization of Polea B and Bj, 

As the current in Phase A again grows less and that in 

•base B acquires strength in its negative direction the 

aagnetic field shifts around to the position shown in Fig. 

ig successively through the positions shown in Fig. 
and 161ft, the du'ection of the motor field finally swings 
id into the position shown at the starting of the cycle 
ig. 161a. 

Tote that as the current in the phases passes through one 

iplete cycle the magnetic field of the motor has swung 

round through one complete revolution. In other words, 

7G have here a motor with a rotating magnetic field, although 

tia the magnetic lines which rotate and not the pole structure. 

JJote that although the representations of the two-phase 

itor in Fig. 160 and 161 have the appearance of showing 

Ebur-pole motor, they really represent a two-pole motor. 

Fig. 161fe represented a four-pole motor, Pole A being 

[th, Pole B would have to be south. But Pole B fike Pole 

J8 north, and is, therefore, a part of the north pole area. 

other words, all adjacent poles of the same polarity are 

KDted as one pole area, or simply as one pole. Therefore, 

ig, 1616, Poles A and B constitute one north pole, and 

i Ai and Bj constitute one soMlt v^> ^"Qs^s^ , "^ 
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Pig. 161d, poles B and Ai constitute one north pole and Bi 
and A together form one south pole. 

86. Why the Rotor Tends to Revolve. The fundamental 
reason why the rotor of a polyphase induction motor revolves 
is because the polyphase currents in the stator windings 
produce a rotating field. The action of this rotating field as 
it cuts the copper rods of the rotor sets up voltages and 
currents in the rods. The stator magnetism then pushes 
the current-carrying rods around in the direction of rotation 
of the field. 

This is seen more clearly if we consider the action on one 
rod of the rotor shown under the face of Pole A in Fig. 161a. 



^lative motion of rod 



PhMe 

A 




-^ 







! 



Fig. 162. 



Compare Fig. 161a. 



Fig. 163. Directions of mag* 
netic flux, motion and induced 
voltage bear a fixed relation to 
one another. 



If this rod is standing Htill, the field moving up across it 
would cause a voltage to be set up in it tending to cause a 
current to flow out of the face of the paper toward the 
reader. 

To test this by the right-hand rule, consider the field to 
stand still and the bar to move down as in Fig. 162. The 
relative motion is the same as if the rod were standing still 
and the field moving up. Placing the thumb of the right 
hand in the direction of the motion of the rod, the forefinger 
in the direction of the magnetic lines, the middle finger shows 
the direction of the voltage induced in the bar to be out as 
siown ID Fig. 163. 
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Since all the bars of the squirrel-cage rotor are soldered to 
rings at both ends, a path of low resistance is offered to any 
current tending to flow in the rods. Thus we have the 
elements of a motor, conductors carrying a current in a 
magnetic field. The rod shown in Fig. 161a with an induced 
current flowing out would be pushed up across the pole and 
the drum to which it was attached would tend to rotate 
clockwise in the same direction that the field is rotating. 

This can be shown as follows: 

Fig. 164 represents the rod carrying a current outward, 
placed in the magnetic field as in Fig. 161a. Note that the 





Fig. 164. Showing direction of 
voltage induced in rod of Fig. 
162. 



Fig. 165. Current produced by 
induced voltage of Fig. 162, 164 
distorts the magnetic field and 
produces retarding force. 



field about the wire due to the current in the wire is circular 
in a counter clockwise direction, so that above the bar the 
circular field is in the direction opposite to the parallel field 
of the Stator pole. But below the bar, the circular field is 
In the same direction as. the parallel field of the stator pole. 
This results, as shown in Fig. 165, in a thinning of the mag- 
Qetic lines above the rod and in a strengthening of the field 
below the rod. When we remember that magnetic lines of 
force act like stretched rubber bands, we can see that the rod 
mil be forced upward. 

As there is a large nimiber of these rods on the rotor act^d 
\qx>n at all instanta by the magnetic field, aXax^gi \»Q\,^\c>rt^^ 
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is exerted tending to turn the rotor in a clockwise direction^ 
which is also the direction in which the field is rotating. 

86. Unloaded Induction Motor. Synchronous Speed 
If the frequency of the generator in Fig. 160 is 60 cycles per 
second, then the field of the two-pole two-phase induction 
motor must rotate 60 times a second or 60 X 60, or 3600 
times a minute. The speed at which the field of an induction 
motor rotates is called the synchronous speed of the motor 
and can be found by the same equation that indicated the 
speed of a synchronous motor. 

d , , frequency X 60 

Synchronous speed = — -. -^ — -^ — • 

*^ pairs of poles 

In this case 

a u , 60 X 60 
Synchronous speed = — z 

= 3600 r.p.m. 

We have seen that the rotor of an induction motor whei^ 
standing still tends to rotate in the same direction as the 
field of the stater. If the rotor is imloaded, it will rotate 
faster and faster until it has a speed almost equal to the 
speed of the field or the synchronous speed. The rotor speed, 
however, can never quite equal the speed of the field, because 
if it did, the field would no longer be cutting the bars of the 
rotor, and thus no current would be induced in the bars. 
Since it is the reaction of the circular field produced by the 
current in the bars upon the surrounding field of thfe stator 
windings which causes the force on the rotor bars, as soon as 
this current stopped flowing in the bars, the turning force on 
the rotor would stop and the rotor would slow down. 

When the rotor is imloaded very little force is required to 

turn it, therefore the current in the bars need not be great. 

Accordingly, the rotor revolves just enough slower than the 

field to allow the field to cut the bars a Uttle and generate 

suScient current in the bars to piodu^Ci iox^^ tc^ overcome 



\ 
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whskt little friction or other opposition may be offered to the 
motion. It is customary to regard the no-load speed as 
practically synchronous speed. 

Prob. 6-9. What would be the synchronous speed of the induc- 
tion motor in Fig. 160, on a 25-cycle line? 

Prob. 6-9. An induction motor has 8 poles. At approximately 
what speed will it rotate when imloaded on a 60-cycle system? 

Prob. 7-9. The zero-load speed of an iaduction motor is 718 
r.p.m. when connected to a 60-cycle system. How many poles must 
the stator have? 

87. Effect of Load upon Speed of Induction Motor. 
Slip. When we place the rated load upon the rotor of the 
induction motor, of coiu'se more magnetic force is required 
to turn it. The rotor merely slows down and the field, 
continuing to rotate at the same speed, cuts the bars of the 
rotor at a greater rate. This increases the current in the 
bars until enough force is produced to keep the rotor turning 
even with the load attached. 

The amount by which the rotor falls off from synchronous 
speed is called the slip of the motor for this load. The slip 
in revolutions per minute is found by subtracting the speed 
at any given load from the synchronous speed. The shp is 
generally stated, however, as percentage of the synchronous 
speeQ. 

Example 1. The synchronous speed of a certain induction motor 
is 1200 r.p.m. The full-load speed is 1140 r.p.m. Find: 

(a) The slip in r.p.m. 

(b) The percentage sUp. 

Solution. 

(a) Slip =* synchronous speed — full-load speed. 
= 1200 - 1140 
= 60 r.p.m. 

(6) Percentage slip = r 

^ ' --ox- sjnichronous speed 



== 6 per cent. 



•>• A 
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Prob. 8-9. The full-load speed for motor of Prob. 7 is 698 
(a) What is the slip at full load in r.p.m.? 
(6) What is the percentage slip at full load? 
(c) What is the slip at zero load? ^ 

Prob. 9-9. A certain induction motor on a 6Q-cycle system 
full-load speed of 860 r.p.m. and a zero-load speed of 896 r. 
Calculate: 

(a) How many poles stator must have. 

(6) The s3mchronous speed. 

(c) The per cent slip at full load. 

(d) The per cent slip at zero load. 

Prob. 10-9. On what frequency must an 8-pole induction mo\ 
be operated in order to have a synchronous speed of 900 r.p.m.? 

Prob. 11-9. What full-load speed will a 10-pole induction mot* 
have when operating on a 60-cycle system with a 4 per cent slip? 

Prob. 12-9. A 4-pole induction motor has a 5 per cent slip a 
full load. What is its speed at full load on a 60-cycle S3n3tem? 

88. Current and Full-load Power Factor of Induction 
Motor. An induction motor is like a transformer with a 
rotating secondary. The stator is the primary and the rotor 
is the secondary. The current taken by the primary coil of 
any transformer is almost directly proportional to the current 
in the secondary, and the power factor of the primary current 
becomes practically equal to whatever the power factor of 
the secondary happens to be, especially when the motor is 
loaded. Thus the current and power factor of the stator 
windings depend upon the current and power factor of the 
rotor, which in turn depend upon the resistance and react- 
ance of the rotor circuit. 

The resistance of the rotor is made very low by brazing or 
oldering the bars into an end-ring; in fact, it is practically 
"short circuit." The reactance of the rotor at or near full 
ad is usually greater than the resistance, because the bars 
e nearly surrounded by a good magnetic path of soft steel 
9 impedance of the rotor, tlaeieioi^, coTiSft3B^a^a3c^^C5 ^^ 
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reactance. The reactance depends upon the frequency of 

the induced currents in the rotor circuit, and, therefore, it 

Varies with the load and is always in direct proportion to the 

3lip (see paragraph 90). 

We have seen that the power factor of a circuit is equal to 

rpsist ance 

the ; -. , and when the reactance is relatively large, the 

impedance 

wwer factor is correspondingly low. This is true of the 

nduced rotor current. The voltage set up in the bars by 

he rotating field causes a current to flow against the imped- 

nce. The power factor of this current must be low for the 

eavier loads because the reactance of the rotor circuit corre- 

ponding to the larger values of slip is much greater than the 

3sistance. Thus the power factor of the current taken by 

he stator must be low for heavy loads. 

The power factor of an induction motor, therefore, changes 

ith the change in load. With no load on the rotor, the 

reater part of the current in the stator windings is that 

art necessary to magnetize the field. This current is called 

le magnetizing current and, on accoimt of the large react- 

nce of the stator coil, has a low power factor. As more 

nd more load is put on the rotor, a larger and larger power 

omponent of current is taken by the stator windings. The 

lagnetizing current, although practically constant, therefore 

ecomes a smaller and smaller part of the total stator cur- 

3nt. Thus the power factor rises as the load increases 

ntil it reaches a maximimi at about full load. At over- 

)ads, due to the increased rotor reactance with excessive 

lip, the power factor again decreases. The values of the 

iirrent taken by the more common sizes of two-phase in- 

uction motors at full load are given in Table VI. The 

alues of the usual power factors of these full-load currents 

re given in Table VIII. Note that the larger the motor 

be higher the power factor. 
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89. Starting Current. We have seen that the starting 
current of small induction motors is usually taken as about 
twice the full-load current. This is easily accounted for by 
the fact that when the bars of the rotor are standing still, 
the rotating field sweeps across them at a faster rate than 
when they are rotating in the same direction as the field. 
Thus a higher voltage is induced in the bars at starting and 
a greater current flows than after the rotor has attained its 
speed. 

Although it is customary to use twice the full-load current 
as the starting current, many squirrel-cage motors would 
take five or six times the full-load current if thrown directly 
on the line. Accordingly, starting devices are used to enable 
the motor to get up a certain speed before the full voltage is 
applied. These devices are explained later in this chapter. 

90. Power Factor of Starting Current. /The power 
factor of the starting current is low, usually not higher than 
50 per cent for motors up to 5 horse power. ! The main cause 
for the power factor of the starting current being lower than 
the power factor of the full-load current is the fact that the 
reactance of the rotor is greater when the rotor is at rest than 
when it is rotating. \ We have seen that the larger the react- 
ance the lower the power factor, other conditions remaining 
imchanged. 

The greater starting reactance is caused as follows: 
The reactance depends upon the frequency of the current, 
the higher the frequency the greater the reactance agaiMt 
it. (See paragraph 53.) When the rotor is standing still, 
each bar is cut by the magnetic flux from two poles of 
the rotating field during -each cycle, since the field rotates 
in step with the alternations of the voltage and current 
in the stator or the supply line. The frequency of the volt- 
age Induced in the rotor bars is, tYieieioi^, \Xi^ ^-axcka ^& >l5Qa 
frequency of the current in tlie ^talox. lu o\X^Kt ^^x^.^vJoa 
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when stationary, is just like the secondary of any 
;former, and the frequency of the induced current must 
the frequency of the primary current. 
Now if, on the other hand, the rotor was revolving at thi 
■ame speed as the field, then the bars would not be cut at al^^ 
1;^ the magnetic lines and the frequency of rotor voltage anc 
Burrent would be zero. But when the rotor of Fig, 161 falls 
behind and makes just one fewer revolutions per second than 
Qie field makes, then the bars are cut by the magnetic field 
a atator pole twice each second and a voltage of a frequency- 
one cycle per second is induced in the bars. At full load' 
^ slip of most motors is about 5 per cent, so the frequency 
rf the induced voltage in the rotor would be about 5 per cent 
rf 60, or 3 cycles per second on a 60-cycle system, with the 
ootor running at full-load speed. Thus the induced voltage 
the rotor at rest has the same frequency as the line or has 
(00 per cent of line frequency, while the induced voltage in 
(he rotor at full-load speed is only about 5 per cent of the line 
itequency. The reactance of the rotor circuit is, therefore, 
loo per cent „ .. ^ /l. 



- or 20 times as great, at "starting as at full-load 



5 per cent 

and the power factor is correspondingly lower.' 
Selection of Motors. Pull-out Load. From the 
Ibregoing it is seen that the power factor is lower at the start 
,n at full-load speed. But it is also true that the smaller 
he load on an induction motor the lower the power factor; 
lat is, the power factor is bad for either very light loads or 
iavy overloads. Furthermore, the efficiency is also low at 
ight load and at heavy overload, being greatest usually af 
near rated full load. In selecting an induction motor, 
iierefore, for a given duty, care should be taken to get one 
taving the proper rated horse power. 

Do not get a motor of too greal \\oTse. ^^ife^ \w S>we,>F 
tause it will not be running at lu'i \oa.«i. au^ ^■aj\.,'<5w«'^'^«* 
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have low power factor and low efficiency. This increases the 
cost of running the motor and increases all the effects of bad 
power factor on the line^ such as lowering the line voltage 
aixd increasing the line losses. 

Do not get a motor of too small horse power, because if the 
motor is overloaded for a long time it will heat up the stator 
windings to such an extent that the insulation becomes 
brittle, increasing the chance for short circuits, and shorten- 
ing the useful life of the motor. 

Fm1;hermore, the load which an induction motor will carry 
cannot be increased indefinitely even for a short time. As 
we increase the load on such a motor the rotor gradually 
slows down in order to acquire a greater turning force by 
means of the increased rotor currents. But when we reach 
between two and three times the full-load torque, the rotor, 
instead of merely slowing down a little more, suddenly stops 
altogether, and imless the power is thrown off the motor 
would soon be burned out. The torque at which an induc- 
tion motor stops is called the pull-out torque and varies from 
2.5 to 3.5 times the full-load torque. 

It is, therefore, well to obtain from the manufacturers of 
the machines to be motor-driven the exact horse power and 
speed of the motor required, and to install a motor which 
meets closely the requirements. In general, it is better to 
determine the requirements by tests on the machines, or by 
finding the results of such tests. 

92. Reversing Direction of Rotation. In order to reverse 
the direction of rotation of a two-phase induction motor it is 
necessary to reverse the connections of one phase only, leaving 
the connections of the other phase as before. 

The fact that the direction of the rotation of the field is 
changed by the reversal of one phase can be seen by again 
considering Fig. 160a to 161h. 
Suppose that we reverse the coimfte\AOTiaQl'SViaafcB\K^^ 
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motor in Fig. 160 and 160a. Then Fig. 161a still represents 

the magnetic field condition of the motor when the armature 

coils of the generator are in the position shown in Fig. 160 

and 160a. But when the armature coils have proceeded 

through 45°, the motor field conditions will no longer be 

lepresented by Fig. 161fc, because, 

if thfl connections to Poles S and 

-Bi have been reversed the direction 

of their magnetic fields must have 

teen reversed. Thus Pole B would 

become south and Pole Bi north, 

and combining with the field of A 

and A i they would produce the field 

direction shown in Fig. 166. Note 

that the arrow showing general ^ ' ,„'„"t,i. „,,..' ,o, 
_ , , ,. ,. , , , * Fig. 16G. Phaae B of Fig. 161 

field direction has turned counter i^ been reveraed, and the 
clockwise instead of clockwise aa magnetic flux now revolves 
m. Fig. 1616, showing that the di- oppositely. 
Htetion of field rotation has been reversed. 

HSProb. lS-9. Draw diagrams similar to Fig. I60a to 161ft, show- 
ffiog the field rotation throughout one cycle when the connections 
' of Phase B of the motor are the reverse of those ehown in Pig. 
160o. 

93. Three-phase Induction Motors. Fig. 167 shows in 
skeleton the arrangement of the three armature coils of a 
three-phase generator. In Fig. 167a, the three-phase star- 
connected generator of Fig. 167 supplies three-phase power 
over a three-wire line to the three-pha.se induction motor. 
Ab the two-phase induction motor in Fig. 160a was repre- 
sented with distinct poles, so the three-phase motor in this 
figure is represented with distinct poles. Phase B is con- 
nected to Poles B and Bi, Phase C ia tottfifet^KA 'ya ^"^i^a ^ 
and Ci, and Phase A is connected to poVes A. Mii A-\- '^^ 
three phases are star-connected ■witVun V'tve mo'yav, «» "^ 

I 
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three leads ODly are brought out horn the frame. lU 
armature of the generator ia shown in Wig. 167a at the iA- 




Fia. 167. Skeleton view of a three-phase generator, atar-conneclBd. 
Voltages in three coUs reach their respective maximum values onfr 
third cycle apart. 




THREE-PHASE THREE-PHASG 

Fio, 167a. Three-phaae two-pcde induction motor driven by genofittf 

of Fig. 167. 

siant at which Phase C is cut\m% t^o %i'», ^^^^ 'OMste\<s«. 

no voltage is set up in Phase C. ¥\u«« ^ '^ (M.\.\:-a*«s3* 
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the Dorth pole of the generator. Phase A is cutting across 
the south pole at the same rate that B is cutting across the 
north pole. Thus the same voltage is induced in Phase A 
as in Phase B, only in the opposite direction with respect to 
line terminals, one being toward terminal A and the other 
being away from terminal B, as indicated by the arrows. 

Fig. I680 represents in skeleton the generator with the 
armature in the position at the instant shown in Fig. 167, 
167a. Fig. 1686 represents the magnetic field' of the motor 
at this instant. Note that no field is produced by poles C 
and C\, since there is no current in Phase C. The i 




PiO. 168. F«. 168, 169, 170 iUuatwte how the magnetic field of the 
inductioD motor of Fig. 167a rotates in syDChroniam with the gen- 

produced by Pole A and Pole B are opposite in direction 
because the currents in Phases A and B are opposite in direc- 
tion. This causes Pole Ai to have the same north polarity 
as Pole B, and Pole A to have the same south polarity &s Bu 
Thus the magnetic lines pass from the two north poles Ai 
and B. to the two south poles A and B,. 

Rg. 169a represents the position of the armature 60° 

later. Phase B is now cutting no fees aiAVaa ■^■s Nsi^tossA. 

voltage. Phase A is still cutting acioss \?G& ^\i.^ ■^'*-. 

Jaying passed through ita mEadmum vbJ.mb mA we^a^ *>* 
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creased until it now has the same value it had in Fig. 168. 
Phase C is now cutting the north pole at the same rate A is 
cutting the south pole, and thus has the same induced voltago 
as Phase A, only in the opposite direction. 

Note that in Fig. 1696 Poles B have no field, but that Poles 
A and C have fields of equal strength in opposite directions, 
because the currents in Ph^se A and* C are in opposite 
directions. Poles C and Ai being north, send magnetic lines 
to Poles A and Ci which are south. 

In Fig. 170a the armature of the generator has passed 
through still another 60° and Phase A is now cutting no lines 





Fig. 169. One-sixth cycle after Fig. 168, the magnetic field of the 
motor has turned through one-sixth revolution. 

and has no voltage induced in it. Phase C is still cutting 
across the north pole, having passed through its maximum 
cutting and is now cutting at the same rate as in Fig. 169. 
Phase B is cutting the field near the south pole at the same 
rate that C is cutting the field near the north pole. Thus the 
voltage induced in Phase B is equal to the induced voltage 
in Phase C, but is in the opposite direction. 
Note in Fig. 170b that Poles A Mid A^\^^t^ €fiML The 
^ poles and C poles have equal ^e\^ \>nx^. ^ax ^w«L\fc ^sas^ 
tions, became the voltages oi: - -AC «^.W«^n 
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in direction. Thus Poles Bi and C are north and Poles B 
and Ci are south. 

From the change m direction of the three-phase motor 
field in Fig. 1(>8, lt}9 and 170, it is clearly evident that the 
field is rotating in a counter-clockwise direction in synchro- 
nism with the alternations of voltage in the system. Note 
that although the motor appears to have six poles, it really 




i.' 17D. One-third cycle after Fig. 168, the magnetic field of motor 
has turned through one-third revolution. 

B but two polar areas and is, therefore, a two-pole motor. 
30 note that while the rotation of the armature of the 
aerator is clockwise, the field of the motor rotates eounter- 
wkwise. This merely happened to be the case because of 
i manner in which the phases happened to be connected 
the motor. 

Prob. 14-9. Draw diagrams similar to Fig. 170 (a-b) for three 
instants of the cycle, at 60° intervals. 

Prob. 16-9. Interchange the leads A and B in the motor of Fig. 
"", 167a, connecting lead A at Pole S ind lead B at Pole A. Con- 

jct three diagrams similar to Fig. 168, 169 and 170. In what 

iction now is the field rotating? 

tab. ie-9. Interchange, the leads A and C as i^t:ea."'os."^TAi' 
and repeat the problem, noting tfoectian (A TO'iiSXAKSL. 
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94. To Reverse the Direction of Rotation of a Tliree- 
phase Induction Motor. From Problems 15 and 16 it is 
seen that by interchanging any two leads of a three-wire 
three-phase induction motor, the direction of rotation is 
reversed. 

96. Starting Small Poljrphase Induction Motors. Start- 
ing Fuses. Two- or three-phase induction motors up to 
three horse power are usually thrown directly on the line and 
motors as large as 7| horse power are sometimes so started. 
However, the momentary rush of current into the stator 
windings may be several times the current which the motor 




Throw switch. 
Down to stact^ 
TJp to mm. 



Fig. 171. Induction motor with different fuses for starting and running. 

requires when running under full load. When installed in 
this manner, the motor should be protected by a special 
arrangement of fuses, because any fuses which would prevent 
an injurious overload on the motor, would be blown every 
time the motor was started, imless the fuses are installed in 
a special manner. 

A simple arrangement of fuses generally used for small 

motors is shown in Fig. 171. The fuses in the panel at the 

Je/t are the starting fuses and are heavy enoM^Vv to caxry the 

starting current. To start the moloT, t\ie «m\,dti\a \3cawwa. 

lown. This puts the motor directly on I3kie ^^^ >aKxo>a*^ ^ 
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starting fuses. When the motor has attained practically its 
full-load speed, the switch is thrown up. This puts the 
running fuses in series with the motor. These fuses are of a 
proper weight to protect the motor against any excessive 
overload. 

96. Overload Relays and No-voltage Releases. In 
addition to the starting and nmning fuses, overload relays 
and no-voltage release coils are generally installed. The 
overload relays are in series with the running fuses only and 
throw the switch to the "off" positions when too great an 
overload is put upon the motor. These relays are usually 
adjusted so that they require a definite amount of time to 
operate. This prevents their opening the circuit on an 
inrush of current which lasts too short a time to damage the 
motor. For this reason they are often called time-limit cir- 
cuit breakers or relays. 

The no-voltage release coils are used to protect the motor 
against too great a falling off in voltage. If the voltage 
drops sufficiently to slow the motor down to such a point that 
a great inrush of current would take place when the voltage 
came back to normal, harm might be done the stator wind- 
ings. The no-voltage release coils automatically throw the 
switch to the "off" position when the voltage drops to the 
danger point. 

Fijg. 172 and 173 together with the description of the same 
are taken from Croft's "Wiring for Light and Power." I- 

Kg. 172 illustrates the principle of one type of time-limit 
circuit breaker. With the breaker closed, the current enters 
at Af passes through the solenoid B and continues through 
C, D, F, G and H, When current flows the solenoid B is 
energized. When a current smaller than that for which the 
breaker is set at S, flows through tYie bt^^ket , ^^ ^Xx^^'^Sss^ 
of the solenoid is not suflScient to Mt d\a\L R ^tAKto^^^^'^^ 
/" and draw it up into the solenoid. ILo^eN^c , ^i ^^^ ^^^^^^ 
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becomes greater than that for which the bretiker is set, the 
magnetic attraction then overcomes these restraining effects 
and the tendency is to pull the plimger up into the solenoid 
until it strikes the tri^er T which will release arm D, Then 
the spring Q will force the arm out to the position shown in 
dotted Lnes, opening the circuit. However, with the time- 
limit circuit breaker, the plunger is prevented from rising 
immediately because of the restraining action of the time- 




FlG. 172. Diagram of ft 
time-limit type of circuit 
breaker. Permits mo- 
mentary overload but 
opens on continued 
overload. 




Fia. 173. Time-limit relay used to oper 
ate an ordinary type of circuit breaker 
and serve same purp<»ee as Fig, 172. 



limit device {U and R) due to the adhesion of the smooth 
bottom of the disk R to the bottom of the cup U, which 
contains oil. But, if the overload endures, the continued 
pu]} exerted by the solenoid on the plunger will overcome the 

adhesion between the disk and t\ie \)Qto>tii <A 'Oa^ wa^, "&«. 

y/unger wiZ/ rise and the eircuiVbTeate'c -wCi \*s q-^rsmA. 
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Note then, that although the breaJcer of the type diagranmied 
in Fig. 172 will open under an overload that lasts for several 
^conds it will not open under a momentary overload. 
B-Fig- 173 illustratea the principle of a time-limit circuit 
Beaker of another type. With this device, the main current 
^t a certain definite portion thereof circulates around the 
solenoid S, If this current becomes greater than that for 
which the instrument is set, the plunger P of the solenoid 
tends to rise. It is, however, restrained from rising abruptly 
by the bellows which must force the air it contains out of its 
air chamber through the small orifice before the plimger 
can be raised any great distance. However, if the pull on 
the plunger due to the solenoid S is continued, the air will be 
forced out of the bellows, the plunger will rise, and the con- 
tactor CC will close the auxiUary circuit, permitting current 
to circulate around the solenoid B. Then the plunger D will 
be attracted and the breaker will be tripped, opening the 
main circuit at jaws / and G. Fig. 172 and 173 are merely 
dia^ams to illustrate the principles involved in the opera^ 
tion of these devices and are not intended to show their 
-iRctual construction or proportions, 

bFig. 174 and 175 show the appearance of a starting switch 
Kiiipped with time-limit overload breakers and low-voltage 
Release coils. For starting, the handle shown at the right is 
pushed away from the operator. When the motor has 
reached the proper speed the handle is then pulled forward. 
It is ao arranged that it cannot be thrown into running posi- 
tion without first being thrown to starting position. The 
switch contacts are immersed in oil to reduce sparking. The 
time-limit device consists of a dashpot containing oil in which 
a piston is placed. A hole in the piston allows the oil to pass 
slowly from one side of the piston to the oth.e,T , t\iNSs, ftJisWis**, 

K piston to move slowly in the c^^Act. Toa %vuft <*■ "vlcR. 
may be varied to increase or decteaae XVa ^^Hft ^"^ "^^^ ^ 
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the oil and thuB change the time which it takes for the piston 
to rise, and open the circuit. 

97. Small Motors Run <ui a Single Branch. When 
several motors are nm on the same main branch, panel fusee 
must be heavy enough to protect the branch from any in- 
jurious load and may be too lai^ to protect properly any one 
motor in starting. Therefore, the proper starting fuses are 
usually mounted below the starting switch of each motor. 

If the combined power of several small induction motors 
does not exceed 660 watts they may all be placed on one 




Fia. 174. Starting switch Fio. 175. Same switch ftH Fig. 174, but 
for induction motor, to- with cover open. Hae time-limit over- 
tally enclosed. load breakere and low-voltage rdease. 

branch of a hghting circuit, with merely the usual fuses for 
the branch installed in the panel. No additional startii^ 
or running fuses are then needed. 

98. Starting Compensators or Auto-starters. The most 
common starter for both two-phase and three-phase indue- 
tion motors is the compensator or auto-starter. The prin- 
ciple upon which an auto-starter works is shown in Fig. 176, 
wii'ch is a conventional method o( Te^teseiATO* «■ t-wo-ghaae 
starter. Coils ah and cd represent two Xia-mlorcaei: igraasTj 
ooils each wound to operate at 220 vo\tB-. t\ie'«wsioTn*^^«v 
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no secondary coils. In the place of secondary coils, 
is brought out of the middle of coil ab and tap y is 
ht out of the middle of coil cd. The voltage across 
lalf-coil ax and dy will be half the voltage across each 
coil. So if 220 volts from a two-phase system are 
3sed across each of the coils ab and cd, the voltage across 
1 across dy will be 110 volts. If Phase A of the induc- 
lotor is connected to a and x, and Phase B to d and y, 
Itage across the two phases of the induction motor will 
y 110 volts, two-phase. The two coils on the stator of 
lotor are merely convenient conventional representa- 




I Motor 1 



Two-phase 



r6. Auto-transformer arrangement for starting induction motor 
it reduced voltage; called "autonstarter" or compensator. 

:>{ the currents in the stator windings and do not at all 
te the actual arrangement of the stator coils. 
J motor is thus subjected to only half voltage when 
ig. As soon as the motor attains the proper speed, a 
I disconnects the motor from the compensator and 
s it on the line so that it receives full-line voltage. The 
switch usually also disconnects the compensator from 
ne. A transformer Qonstructed in thia majMaKt^^^r^Jcs. 
"om a single coil, is called an auV>-\x%2Q!^^rEaKt.- ^^^^s^a 
5ed not be placed midway on \3ckft ecaa\8S3^> '^^s^ $iss^^ 
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the coils into two parte of any dedred voltage. Thus, if t, 
220-volt coil is tapped at the one-quarter point, the voltage 
between tme end of the coil and the tap will be } of 220, or SS 




I^o. 177. Wiring diagram of starting compensator and switch, Ux 

two-phaae induction motor. Starting taps ordinarily at 60 pec cent 
of normal voltage. 

volts, and between the other end and the tap \ of 220, or 165 
volts. 
Fig. 177 shows the wiring connection for a compensator 




Fia. 173. Wiring diagram of starting 

induction motor, shown without 



ritch. 



■ for three-phase 



and switch. When the switch is thtown down, it guta the 
coils of the transformer acroes t\wj ■\ii>ft, a-t**^ wnmaiAa*®. 
motor across any part of the coiis ■wVicb. "is ^' 



■Wok 
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s attained the proper speed, the switch is thi'own 
i connects the motor directly to the line through the 

scheme is uaed for starting three-phase induction 
ks. Fig. 178 shows the conven- 

I diagram, while the construction 
J B. three-phase compensator is 
in Fig. 179. Here again the 
ay be those of three aingle-phase 
irmera star-connected, or they 
he the three coils of a three-phase 
jonnected transformer. The whole 
lare connected across the three 
ie of a three-phase line, while only 
in part of each coil is connected 
of the motor. Each phase 
lotor, therefore, is subjected to 
of the line voltage for starts 
180 gives the wiring diagram 
itching the auto-starter to the 
id the motor phases to the low- 
taps, by the down motion of p,^ i7g_ Three-phase 
Throwing the switch up starting eompenaator 
the auto-starter and throws 
on the full-line voltage. 
not necessary, however, to use 
lils in a compensator to operate 
laae system. Two coils 
ited in " open-delta " may be 
in Fig, 181. In the open-delta 
Stion, note that coil ab is put between lines 1 and 2, 
} between hnes 2 and 3, ■while tke \fciiiii iwii. -^V^sSs^ 
■usturaUy go between lines S ani V Ha Cia\\\X»&-. ^^ * 
of fact, the series combination o^ ^^o'i^a (& ^■o-^^'^ 




for induction t 
equipped with no- 
voltage release (left 
eido) , and fuses to pro- 
tect against overload. 
The cylinder switch at 
the bottom is for mak- 
ing the starting and the 
running connection. 



i 
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really between the lines 1 and 3. The point b of juncture 
between the coils ab and 6c, and the taps x and y, are brou^t 
to the three-phase motor. This puts the low voltage of x6, 
by and xy, or the scries combination of xb and by, across tbe 
three phases of the motor for starting. The wiring connec- 




FiG. 180, Starting switch for disconnecting compensator of F^. 178 
from line and motor after attaining full speed. 




Fig. 181. Starting oompenaator for three-phaae induction motor, 
Bimplified to two auto-transformere in open delta. 

tions for this device are shown in Fig. 182. Overload time- 
limit breakers and no-voltage release coils iu« generally used 
in both eonuections to compensator. The type shown in 
lYg. i79Aas a no-volt^e release col aV\^ie\'4l^.,'Vra.^•l^l»»*«S» 

care of overload. 
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ob. 17-9. Show by vector diagram that the voltage between 
i x is 110 volts if the voltage from x to 6 is 110 volts and from 
2/ is 110 volts, when connected as in Fig. 181 to a three-phase 

rob. lR-9. The voltage across the coil of a single-phase auto- 
sformer* is 230 volts. The whole coil contains 2000 turns, 
.t is the voltage between one end of the coil and a tap, if there 
^ turns between these two points? 





O O O-pO O (» 

182. Starting switch for disconnecting compensator of Fig. 181 
from line and motor after attaining full speed. 



rob. 19-9. What is the voltage between the other end of the 
of Prob. 18 and the tap? 

rob. 20-9. It is desired to obtain 50 volts from a 115-volt line 
leans of an auto-transformer. Where should the coil be tapped? 

). Star-delta Connection for Starting Induction Motors, 
le windings of the stater of a three-phase induction motor 
star-connected as in Fig. 183, and thrown on to a 220- 

Auto-transformers cannot be used to step down the high voltage 
line in order to bring a low voltage into a building, because one wire 
e low-voltage system would then be connftcted dk^R^Vj \.<5kV2ftfc\sss^- 
ge line. Neither can auto-transiormec^ \>fe xjaie^ ^cft \i^ Tvases^s^^ 
e same reason; namely, that one wit^ ol \i^ie\s^ ^sa^sc^^^^^^^"^ 
ited io the Ugbthig aysteDDL. 
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volt three-wire three-phase Une, the voltage across each 

220 
phase of the winding will be ^-tq* or 127 volts, or about 58 

JL* f (5 

per cent of tiie line voltage. The leads from small three- 
phase induction motors are sometimes so arranged that the 
windings can be star-connected in this manner for starting 
and then be delta-connected by means of a double-throw 



T 




Fig. 183. Each of three phases connected in star gets 58 per cent of 

line voltage. 

switch for running. As can be seen from Fig. 184 the wind- 
ings of the delta-connected motor receive the full-line pressure, 
in this case, of 220 volts. To use this arrangement, it is 




FiQ. 184. Each of three phases connected in delta gets fuU-line vdtage. 

necessary to bring out both ends of each winding. This 
means that the motor must be supplied with six leads, as 
shown in Fig. 185. 

The switch wiring may be done as in Fig. 185, where throw- 
ing the handle down connects the motor coils in star for 
starting, and throwing it up connects the coils in delta for 
running. 
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ftt the right is a switch diagram showing the clips which 
t knife blades engage when thrown either way. Time- j 
overload breakers and no-voltage release coils are J 
generally used in connection with these switches. 

n 




? ? 



. 185. Starting Bwitth for three-phase induction motor, ftrranRed 
tes in star tor Btarting and then in delta for running after 
11 speed is attained. 



-IT 

RfullB] 

ppTob. 21-9. An ordinary six-pole double-throw switch can be 
Used as a star-delta switch. Show the wiring connections when 
such a switch is used. 

Prob. 22-9. Although not as safe an inataJlatioa, it ia possible 
to use a three-pole double-throw switch for tlie star-delta switch. 
Show the connections for it, when so used. 

100. Starting with Resistance in Series with Stator. 
When no other means are available a polyphase induction 
motor may be started by putting equal resistances in aeries 
with each phase, and gradually cutting them out (simul- 
taneously in all phases), as the motor gets up speed. Fig. 
186 shows the appearance of a resistancfe s\,8.i\jet \ot ■&. *&ss 
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phase motor. The simplicity of the construction of this 
of starter makes the initial cost low, but the resistance grids r 
are bulky, having to be large enough to carry the large 
starting current while consuming a large part of the line 
voltage, and they consume a large amount of power. They 
are, therefore, expensive to operate. 

101. Wound-rotor Polyphase Induction Motors. On 
account of the high reactance and low resistance of tbe 
squirrel-cage rotor, we haye 
seen that the power factor of 
tbe current set up in the rotor 
bars on starting is very low. 
This causes the induced roto 
currents to lag far behind the 
induced voltage. The induced 
voltage in the rotor bars is 
greatest when tbe densest parts 
of the rotating field are sweep- 
ing across them. The greatfist 
value of the lagging current in 
the bars must come later thau 
Pig. 186. Resistjinco stjirter and the greatest value of the volt- 
controUer for induction motor, to ^ge. That is what is meant 
be inserted in aenea with atator. i_ i ■ ^ rrii, 

by a lagging current. Thua 

the current in each rotor bar has its greatest value not at the 
instants when the densest parts of the rotating field are 
sweeping across them, but later, after the main part of the 
field has swept by. Since it is the force between the current 
in the rotor bars and the magnetic field which tends to push 
the rotor around, it ia desirable that the greatest value of the 
current in each bar should occur as nearly as possible at the 
same time that the strongest part of the magnetic field is 
passing the bar, in order that the greatest torque may be 
produced by a given amount of curreut, ot that the least 
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leurrent may be required in order to produce 
torque. 

To bring about this result, resistance may be introduced | 
into the rotor circuit to raise the power factor of the rotor 4 
currents, because the larger the resistance is in compariaoD 1 
with the reactance, the greater the power factor, as we have I 
seen from Chapter VI. The most successful way of intro- 1 
I ducing resistance into the rotor circuit is to wind the rota: 1 

with insulated wire and bring the terminals out to slip rings 
t as is shown in the rotor of Fig, 187, Brushes bearing on 
rthese rings are connected to adjustable resistance grids. 

In this way enough resistance can be introduced into the 
!s of the rotor to produce at starting (zero speed) the 




J?ia. 187. Wound rotor for three-phaae induction motor, used where 
high torque and adjustable speed are desired. Compare Fig. 159. 

' greatest force that can be developed for a given amount of 
current. This occurs when the combined resistance of thea 
rotor windings and external resistance grids equ^ tbCM 
reactance of the rotor. I 

When the rator gets up speed the slip decreases rapidly, 
and we have seen that the voltage induced in the rotor be- 
comes very much less, so in order to keep enough current to 
maintain the necessary torque, the resistance is out out. At 
full load the resistance is dead short-circuited. If the short- 
circuit is made by means of a switch at the grids, the brushes, 
of course, are left bearing on the Tiivg,s. ft\jX S.I, ^.'-lawKaRr 
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times the case, the irannfacturer wishes to relieve the motor 
of the friction of the brushes on the rings, a centrifugal device, 
attached to the rotor itself, short-circuits the rotor windings, (= 
and the brushes are lifted. 

There is usually enough external resistance to cut down 
the starting current to about the full-load current. There- 
fore no compensator or other special starting switch is needed 
with a motor having a wound rotor. However, the neces- 
sity of slip rings and brushes adds a feature to the motor 
which decreases its simplicity and ruggedness and adds parts 
which must be constantly cared for and which must be re- 
placed when worn out. 

102. Speed Control of Polyphase Induction Motors. 
The speed of a squirrel-cage induction motor is fixed by the 
. nimiber of poles in the stator, the frequency, and inherent 
sUp of the rotor and cannot readily be changed. Accord- 
ingly, when an adjustable-speed alternating-current motor 
is desired we generally use the wound-rotor type. The full- 
load speed of this type can be changed through wide ranges, 
by adjusting the resistance in the rotor circuit. From data 
published on a 25 h.p. 60-cycle 8-pole three-phase induction 
motor of the wound-rotor type, we find that with all external 
resistance cut out, the full-load speed was 825 r.pjn. When 
resistance was introduced into the rotor circuit equal to the 
reactance at standstill, the starting force was nearly doubled, 
but the full-load speed fell to 675 r.p.m. With the maximum 
safe amount of resistance cut into the rotor circuit, the full- 
load speed fell to 200 r.p.m. or less than one-quarter of the 
former speed. Any further increase of resistance would 
lower the speed so rapidly that it would be Ukely to "pull- 
out," if at any moment a slight increase of load should come ^ 
on the motor. 
In fact the " speed reguiatiotv^^ o^ «. ^wxsA ^\Kst \& ^^ 
poor, any increase in the load cav3iam^ ^\ax^^ ^Q^wa%^^ 
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and my decrease of load causing a large increase of speed. 
The efficiency of the motor is also low, on account of the 
energy consumed in the extra resistance, and the lower speed 
for the same force. 

Prob. 23-9. What was the per cent slip of the above motor 
at full load with the greatest safe resistance in the rotor circuit? 

103. Single-phase Induction Motors. An ordinary 
single-phase winding will not produce a rotating field in the 
stator, because no matter how many poles are made around 
the stator, the polarity of all the poles changes at the same 
instant, and thus the magnetic field at aU pomts merely 




Fia. 188. Single-phase two-pole motor, represented at the instant 
when voltage and pole strength of motor are greatest. 

reverses its direction. This produces what is called an 
oscillating field. 

This can be seen from Fig. 188, which shows the fields of a 
single-phase motor magnetized to their greatest strength, 
because the armature circuit of the single-phase generator 
is cutting magnetic Unes at the fastest rate at this instant 
and therefore generating the greatest voltage. Note that 
Pole A of the motor is north and Pole B is south when the 
armature coil of the generator is in this position. Fig. 189a 
shows the motor field when the armature coil of the generator 
has moved along 45°, Note that \5afc TCi.cA,w ^^^\^\svS:5?:!&^ 
same direction, but is weaker, as tYi^ ^tgojct^Vot e^S^Ss^^^"^^^, 
position to cut lines so fast. In ¥\?,. \?Qb ^Otve m^'^v^'^^^ "^^ 
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of the motor has died out because the generator coil has noir 
moved 90° from its position in Fig. 188, and is generating j 
voltages which exactly neutraUze each other, so that the liw 
voltage is zero. Fig. 189c shows the condition of the motor 
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Fig. 189. Illustrating variation of magnetic field of single-phase motor 
at intervals of one-quarter cycle. Poles change strength and reverae 
but do not rotate. Such a motor has no starting torque. Compare 
Fig. 161. 

field when the generator coil has reached the 135° position 
and is cutting Un6s in the opposite direction. Thus the 
motor field has built up in the reverse direction, Pole B now 
being north and Pole A south. 

In Fig. 189d, the generator coil has reached the 180® posi- 
tion and is cutting Unes in the opposite direction at the 
greatest rate. Therefore the magafitv^i ft^ld of tha motor ifl 

at Its greatest value a^ain, onVy m ticva dca^cNKssvi o^^waXfeXs^ 

that of Fig. 188. 
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Note that in all these chaages, the field of the motor baa 
merely reversed in direction and no rotating field has been; 
produced. Such currents and poles as are induced in the' 
rotor by the oscillating field of the stator tend to produofl 
equal amounts of torque in opposite directions, and the net 
starting torque is, therefore, zero. 

However, if we can get the rotor of a single-phase induction 
motor up to such a speed that it rotates somewhere nearly in 
synchronism with the alternations of the current in the 
stator, then the induced currents m the rotor will continue 
to occupy such a position in the magnetic field as to produce 
force or torquo tending to keep the rotor revolving even 
when a load is applied to it. It is necessary, therefore, 
merely to supply some means of startmg the motor and getting 
its speed up to the point where it develops sufficient torque 
to keep rotating. 

104. Starting a Single-phase Induction Motor. 

By hand. A small {fractional horse power) single-phase 
motor can be given enough impulse by hand to make it cor 
up to full speed when the power is thrown on. It will n 
equally wbU in either direction when once started. 

By split phase. Auxiliary coils may be wound on the 
stator as in Fig. 190 and a so-called spht-phase produced. 
The coils to form Poles A and Ai are the main coils of the 
eingle-phase stator and when the main switch is thrown these 
coils take current direct from the main line. But the coils 
to form Poles B and B, are smaller and are called auxihary 
coils. They are connected to the line through a reactance, 
usually of the inductive type, by means of the single-pole 
switch iSi. 

The reactance of the auxiliary coils in series with the 
.1 reactance is much greater tWn. tiwi le^aVwiSfe "iS. "^Sia 
coils. Thus the current in t.'hc 8,\3x^\s.-r3 wia^a.'^^■'*-'^ 
enough behind the current in tbe mam doiXa \.o «ia.Vfifc **«> "^^ 
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to act somewhat like a two-phase rotating field. Of coi 
in a two-phase motor the currents in the two phases are 
apart, but the current in this split phase does not lag 
behind the current in the main windings. Therefore thfll 
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Fig. 190. Split-phase starting of single-phase motor. Switch & 
closed only while starting, making an imperfect two-phase motor. 
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Fig. 191. Conventional electrical diagram to represent Fig. 190. At 
starting, motor has two circuits with currents less than 90** apart, pro- 
ducing an irregularly rotating field which develops a torque. When 
up to speed, Si is opened and we have a single-phase motor. 

rotating effect of the field is not as ^ood «^m^T^«jL\j^<>-\?aasft 
motor, but it serves to start tVve motox ^n^tl >xa.^^x ^wli^SL^v 
able load. 
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f. 



After the rotor has attained full speed, the switch Si is 
ed and the motor operates as a single-phase motor. 
5ig. 191 shows more simply the connections of this motor 
•Qd reactance coil. 

A three-phase motor after being started will run on a 
'siiigle-phase circuit though it will deUver only somewhat less 
than half the horse power. Fig. 192 shows a method of 
splitting the phases in order to start such a motor. 

A resistance r and a reactance x are connected in series 
across the Une and a tap is taken out at the junction of the 
resistance and the reactance. This tap goes to the third 




Fig. 192. Phasensplitting arrangement for starting a three-phase motor 
on single-phase power supply. S is opened after attaining full speed. 

phase winding, the other two phases being in series directly 
across the line. When the motor has attained sufficient 
speed the single pole switch S is opened, shutting off the 
current from coil P3. The resistance and reactance are also 
disconnected from the line and the motor then operates as a 
single-phase motor on the coils Pi and P2 in series. 
Shading coUs. The poles of single-phase motors are some- 

■ 

times equipped with shading coils. These are copper rings 
put around about half of each pole as shown \xv Fv^. VQk*^. 
The shading coils are labeled c. ^\^en ^tl -ib^^T^^ii^xs^ 
current Sows in the main coils 01^ \i\ife ^Xe^^^ "^^ ^^^'fes^^ 
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flux cuts the short-circuited shading coil and sets up anj 
opposing current. This opposing current retards the chaDge! 
of the flux in that part of the pole which it surrounds so that 
* the changes in the flcld within the shading coil take place 
later than the changes in the rest of the pole face. This 
causes a sort of magnetic field wave to sweep across each pde 
face and produces the effect of a weak rotating field. This 




Fio. 193. Single-phase induction motor with shading coilB (&) in the 
poles, in order to produce a starting torque. At each reversal of volt- 
age a wave of flux sweeps across the face of each pole from a to 6. 

effect, however, is enough to start a fan inasmuch as the 
load is very light on starting. 

As a repulsion motor. This method is taken up in the next 
paragraph. 

106. The Repulsion Motor. In the " repulsion motor " 

we have a rotor with a winding quite similar to that employed 

on the armature of a direct-current machine. At uniform 

intervals along this winding, taps ai^ coTmfecXftA.\»\3«»>ajL*i 

commutator. The brushes wbicVi beai >x^ii^ >3k» ^^nasasoXsM- 
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■ are short-circuited together. By shifting these brushes 

D various positions, we may cause the motor to turn in 

her direction, or to stand still, when the stator windings are 

Utected to a source of single-phase power. The operating 

Uacteristics of this motor are similar to those of a scries 

t, motor. At zero load, the speed goes indefinitely high, 

d as the load increases the speed decreases but the torque 

comes correspondingly larger. The starthig torque is high. 

To understand the opera- 

m of the repulsion motor, 

Stconsider Fig. 194. The 

igle-phase stator winding 

imected to line wires L\Li 

oduces two poles, let us 

yjatA^iandSi. Although 

B rotor is actually drum- 

nind, a ring winding is 

own for simplicity in 

Icing circuits. A short- 

fcuit (a) is connected 

tween two definite coils Fig. 194. The currents produced in 




iBch are in line mth the, 
(tor poles. The flux due 
|-the stator is in fact alter- 
,tmg, and the polarities 
krked correspond only to 



the ahort-circuited rotor winding, 
OS marked, cannot produce a torque 
with the stator field on accountof 
their relative positions. 



particular part' of each cycle, 
te variation of flux from A''i to Si induces voltages and 
Ifrents in the rotor windings short-circuited at a, and these 
(rents produce poles on the rotor in line with the short- 
jBoit — or at N2S2 in Fig. 194. For this position (a) of 
(or, there can be no torque between NiS\ and JVsSs, regard- 
fa of the strength of stator flux or rotor currents, since the 
Wliss developed under each haAI o^ mv^ ^^«. «x« «sjs.^*5^ 
jbpciaffe directions. 
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If the rotor be turned by hand into the position (6) shown 
in Fig. 195, there will still be zero torque. In this case, the 
rotor is in most favorable position to produce torque by in- 
teraction between rotor currents and stator flux. But it may 
easily be seen that the voltages induced in each path of the 
rotor winding neutraUze each other, so that no rotor currents 
and no rotor poles can be produced. 

However, if the rotor be 
moved to a position some- 
where between those 
shown in Fig. 194 and 195> 
theresultante.m.f . induce^i 
in each rotor path will b^ 
greater than zero, and th^ 
rotor currents will pro — 
duce poles on the roto:^ 
somewhere between th^ 
stator poles, as shown ia 

Fig. 196. Here, if the rotor 

Fig. 195. When the short-circuited • • :+• ii„ • x^^ ^^„:4.:^« 

rotor of Fig. 194 is in this position, '^ ^^^^^^^ ^^ ^^^ Position 

the voltages induced in it by the (a), a clockwise torque will 

alternating stator magnetism neu- be exerted on iV2S2, and in 

tralize one another. Thus there are .i^ «^„u;rv« /i.\ « «« 4.^^ 

no rotor currents and no torque, al- ^^^ P^^^^^^^ (^) ^ counter- 
though the rotor is in the most clockwise torque will be . 
favorable position for developing produced on N^'Si. The 
torque if there were any current. , 'ii «^a ««,,^««^ «„ 

^ "^ torque will not reverse as 

the current alternates, because both stator and rotor poles 
reverse simultaneously. In either case, however, this torque 
will be reduced to zero as soon as the rotor has moved enough 
to bring the short-circuit into position cc, midway between 
stator poles. 
To maintain the torque steadily, it is necessary to adopt 
means to keep stationary the pomt^ on Wie To\«t ^wolXsm^ 
"^trveen which the short-circuit is app\i^d. ^ot >(Java^xsr^aafc, 
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^Q. 196. When the ahort-circuited rotor of Fig. 194 ia in the position 
a a clockwise torque ia exerted upon the currents induced in it. When 
the rotor is in position b, a counter-clockwise torque ia exerted on it. 
In dther case, the torque lasts only until the rotor has moved into the 
tMsition ec, when the torque becomes zero. 




FiQ. 197, The repulsion motor. It has a rotor wound like the arma- 
ture of a direct-current motor, the coila being connected to the com- 
mutator CC, upoQwhichbeartheshottrc\Tc»u.tedbiostie8BB. Uthe 
btwhes aiB Bet BO as to produce the xoUst poWvti\feai«e"sca^i,?ft, 
wiiicb are aeitbw in line with the at&lot po\« N v mA &i. ■^«v »^' '^'^ 

»Dg!eB, » coatinuoua torque will be ejieited uvon.*^^ tciuat. 
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the winding is connected as shown in Fig. 197 to a com- 
mutator CC, upon which bear the brushes BB with a 
short-circuit between them. The brushes are shifted out of 
line with the main stator poles ^iSi, whereupon there are 
induced in the rotor, by transformer action, currents which 
produce rotor poles at Ni and Si. The stator poles exercise 
a repulsive force upon them's rotor poles and produce thereby 
a torque. Bj '<hiftmg these brushes BB, we may have a 
torque in either direction or zero torque In reaUty, the 
internal actions become qmte highly compbcated by the 
voltages and currents that anse in the rotor due to speed as 




Fig. 198. Smglp-phaae induriion motor with commutator and brushw 
for starting as a repulsion motor 

soon as the motor begins to turn, but this explanation haa 
been made as simple as possible. 

106. Repulsion Induction Motors. The straight repul- 
sion motor, which has the characteristics of a series motor, 
has been applied to various purposes for which the latter 
would be suitable — such as driving of railroad cars and 
fans. Its widest application, however, has been as an auxil- 
iary to the single-phase induction motor, to supply the start- 
Jng- torque which the latter inherently lacks. Fig. 198 shows 
a single-phase induction motor -witk '«o\ui4 toXm , "Ona t^Afw 
vinding being tapped to a commuta.^^ u^oa 'ii^^V \^^ 
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brushes controlled by a centrifugal governor on the shaft, ; 
The brushes are short-circuited together and when the motor i 
is at standstill they bear upon the commutator, being set acym 
as to produce torque by repulsion motor action when the T 
Etator is excited. This torque accelerates the motor to'i 
nearly synchronous speed, at which point the govemop 
connects all the commutator bars together, and at the same 
time throws the brushes out of contact with the commutator, 
producing practically a squirrel-cage rotor. The motor then 
operates as a straight single-phase induction motor. 

An interesting type of single-phase induction motor h 
excellent operating characteristics is shown in Fig. 199. 
is called a "unity-power- 
factormotor." Therotor 
dots contain two distinct 
windings, a squirrel-cage 
winding of copper bars 
at the bottom, and a coil 
binding at the top con- 
nected to a commutator, 
'The electrical c o n n e c- 

tions (with the normal Fig. 190. Single-phase induction motor | 
, Operating characteristics) designed for starting &s repukion j 
:are shown in Fig. 200. motor and for operation at high poww \ 
As here uadicated, there 

Is also placed in the same slots with the main winding {M.F.) J 
■on the stator an auxiliary "compensating winding" (2), the 
Tlse of which is to improve the power factor of the motor. 
Two brushes 5 and 6, in hne with the stator poles, are short- 
icircuited together, while another pair of brushes (7, 8) Gxei 
midway between the stator poles is connected in series with 
the main field. The compensating winding (2) is shunted 
■ea the latter brushes (7,8) and\\\eveSs'«\OiSi?*&-'«i''^'^ 
Jarcm't a Bwitch (S, Fig. 199) opeteAsbd. \>-3 '^■d.\x&\»^ ^-w^*- 
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which closes the compensating field only after the motor hu I 
reached synchronous speed. Between any two bniBhes there | 
is of course an alternating induced voltf^. 

In Qonnal operation this motor has at zero load a slip yM^ I 
is negative (speed slightly above synchronism), and the 
power factor is about 70 per cent leading. As tbe'power 
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Fio. 200. Curvea illustrating the performance, under various loads, ot 
the Wagner single-phase unity power-factor motor Bhown in Fig. 199. 

output increases the speed falls and the power factor rises, 
the slip being zero and the power-fEictor unity at about rated 
load. It should be explained that the power factor may be 
adjusted by shifting connections on the compenaating wind- 
ing', and the direction oi totatvoo ma.^ be, tevaraad by revers- 
ing connections between tbe iomu fe^i&. ^5^-^^ *a\^ KS&. 
brushes (7, 8). The motnt CMmat iwe «a^ «^ '^^'^^ 
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stances, because of the squirrel-cage winding in the bottoms 
of the slots; in this respect it is superior to some other motors 
which lack the squirrel-oage winding and which will race if 
some of the brushes become disconnected. 

107. The Series Motor for A-C. Circuits. When the 
direction of cmrent through a direct-current series motor is 
reversed without altering the connections between its field 
and armature windings, the direction of torque and of 
rotation remain unchanged, because the magnetic poles on 
both field and armature have their polarity reversed at the 
same time by the reversed current which flows through both 
of them. Even if the reversals of current occur rapidly we 
should expect to find that the torque remains unidirectional; 
in other words, the series motor should produce a torque 
tending to turn it in the same direction, when either direct 
or alternating current is sent through it. 

This is in fact the case; but the operation of the motor on . 
alternating-current circuits is decidedly inferior to its per- 
formance on direct-current circuits, in the following respects: 

First. The series motor designed for d-c. circuits takes 
alternating cmrent at a very low power factor, on account 
of the large amount of inductance in field and armature 
windings. This is objectionable because with the greatest 
current which may be carried without overheating, the power 
developed will be much lower than for the same value of 
direct current and voltage. 

Second. There would be excessive heating of the field cores 
of a d-c. series motor operated on an a-c. circuit, involving 
low» efficiency and either damage to insulation or reduction 
of power capacity. This is due to large eddy currents in- 
duced in the soUd pole-cores. The armature core is lami- 
nated even in a d-c. machine. 

Third. The d-c. series motor 'woxj^A. ^'^^^ ^sjifc^^si^ '^ 
the brushes if operated on an are. cae,\»5i.. ^^?«i^ ^s» ^^s^ 
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principally to alternating voltages and currents induced in 
the coils that are short-circuited through each brush, by 
the alternating flux which links with such coils in its path 
from one field pole to another. 

These difficulties are overcome by special windings to such 
an extent that alternating-current series motors are in suc- 
cessful operation on railway electric locomotives; especiaDy 
where it is necessary to run the same locomotive on alter- 
nating current over part of the sjrstem and on direct current 
over another part. An alternating-current series motor 
operates even better on direct current than it does on alter- 
nating current. Series field coils are sometimes wound on 
small converters, as is explained in the next chapter^ to enable 
them to start as series motors. 




'RQUE is the measure of the tendency which a motor has 
.turn. If the motor exerts one pound force at the rim of a 
Qey one foot radius, or two pounds force at six inches radius, 
1g developing a torque of one PO0nD-FOOT in either case. 
ke torque, speed and horse power of any motor are related as ' 
Heated in the formula 

„ Torque fin pouod-feet) X Speed (r.p.m.) 
Horse pow„ —^ 

torque is developed between the rotor (rotating part, 
dch is free to move) 'and the STATOR (stationary part, which 
9 fastened to the foundations). Usually the stator receives 
tower from the source of supply into the armature windings 
rhich are suitably arranged on it, and the rotor carries the 
lagnet poles which may be called the field of the motor. This 
■nuDgement is sometimes reversed, however. 
KYWCHRONOUS SPEED is attained when the rotor moves 
Bou^ the angular distance between centers of adjacent poles 
iiiing the time required to complete one-half cycle of the line 
oltage. Synchronous speed is definitely related to the line 
requency and the number of poles on the stator, as indicated 
J the formula: 



, , _Cyclesperminute _ Cycles per sec. 

Pairsofpoles Numberofpoles 



tAltemating-current dynamos are usually reversible in much 
[le same way that direct-current dynamos are reversible; thus, 
n a-c. generator when supplied with a-c. power becomes a 
THCHROHODS MOTOR, revolving at exactly synchronous speed 
nd no other; an raDUCTlOK MOTOR when driven by mechan- 
:al power at proper speed (above synchronous speed) becomes 
n "induction generator." 
SrNCMRONOUS MOTORS ^lave ftve ioMo^'Mi:?. eia'Qs>s.-c«^ 

311 % 
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(a) Direct current must be available to excite the field p 
often a small direct-current generator called an "exciter "J 
coupled to the end of the main shaft. 

(b) They run at constant (synchronous) speed up to the It 
of their capacity; if too great a load is put upon them, they std 
abruptly and become practically a sbort-ciicuit on the line. 

(c) They cannot start when connected to their load, but N 
usually so made as to be self-starting at no load. 

(d) They cannot " race " under any condition. 

(e) They can be made to take lagging, leading or in-phai 
current from the line, by simply changing the field current from ^ 
a low value to a high value. 

' (f) In the smaller sizes they are unstable and likely ti 
" surge " or " hunt," fall " out of step " and stop. 

POLYPHASE INDUCTION MOTORS are the most com- 
mon and useful types of a-c. motors. That variety having the 
SODntREL-CAGE BOTOR possesses distinctive features as fol- 
lows: 

(a) No electrical connections to the rotor, no slip-rii^s ot 
brushes; very strong and durable constiuction; requires little 
attention. 

(b) Is self-starting, even when connected to a heavy load, 

(c) Cannot race above synchronous speed under any con- 
dition. 

(d) Drops below synchronous speed but slightly as load in- 
creases up to full load, having the speed-torque characteristics 
of a d-c. shunt motor. 

(e) Will carry a large overload before " pull-out torque " is 
reached; then comes rapidly to standstill. 

(f) Has low power factor at starting, also at fight loads and at 
heavy overloads. 

(g) Takes excessive amount of current at starting unless volt- 
age is reduced by auto-transformer or "compensator" for start- 
ing. 

(h) Speed cannot be controlled except by double windii^;s 
and change of connections, which gives an abrupt and usually a 
large change of speed. 

Torque of an induction motor is caused by rotation of the 

Btator poles, which move around ttia ^tvai^ b.^ a-jTiOaiii-Qtrtia ^ijiti. 

This rotating maEnetism cuts fee lotw toa&viW.t>^^, \&ew£>s« 

currents therein which ate diaa&ei «jo>kA \.i ■&.<. ^■v««« vS« 
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1 order to have currents and torque in lotor, it must rotate 
' than stator poles, by an amount which is called the 
•« SLIP." 

' of squirrel- cage motors is usually less than five per 
mt at full load; that is, r.p.m. of rotor is 9S per cent of r.p.m. 
if stator poles, or greater. At standstill or starting, sLp is 100 
r cent and frequency of voltages and currents induced in 
rotor conductors is same as frequency of line. Rotor frequency 
and rotor reactance are in direct proportion to the slip; the ratio 
of reactance to resistance is large at or near zero speed, and 
consequently the power factor of starting current is low. 

WOUND ROTOR may be used instead of squirrel-cage rotor, 
with the same stator, thus enabling the resistance of rotor c 
cult to be increased and to be varied at will. Characteristics , 
differ from those of squirrel-cage motor as follows: 

(a) Less current drawn from line by same stator at sams-] 
voltage, when starting. 

(h) Higher power factor of starting current. 

(c) Greater torque for any given value of starting current. 

(d) Speed may be controlled at will over a wide range (zero 
to synchronous speed) at any load, by varying the resistance in 
external circuit connected to terminals of rotor winding. 

(e) Speed regulation is relatively poor even with rotor wind- 
ing short-circuited (highest speed and best regulation), and be- 
comes worse with greater amount of speed control (or of rotor 
circuit resistance). 

(f) Efficiency usually lower than for squirrel-cage motor under \ 
like conditions, becoming rapidly lower with greater amount of 
speed control. 

(g) Slip lings and insulated windings on rotor usually make 
this motor less ragged and more troublesome than squirrel- cage. 

(h) Bulky and expensive rheostats and controUers for rotor 
L circuit. 

I STARTING any polyphase induction motor requires special J 

I devices or arrangements to avoid excessive current at low power 1 
m factor, especially for sizes larger than 6 horse power, 
■ (a) STAR-DELTA SWITCH, to connect three-phase stator 1 
B windings in star for startiog, then in delta for normal operation, '_ 
m (b) ^FTO-TRAWSFORMER or STtATTOG eows^-s.^ws*. 
^netweea stator and line, usuatty la^^ed \.a ^"je *)«>5.^ ^ "S^ 
HtfQf o/Une voltage between statoi teiminais -Httea. ^^ftsJaMt- 
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(c) RHEOSTATS to introduce resistance into circuit wifl^ 
WODITD KOTOR, such resistance to be short-ciicuited i 
motor attains normal speed, or left in circuit for speed cootrdiB 

(dl RHEOSTATS in series BETWEEN STATOR AWD im,} 
in effect to reduce voltage impressed on motor, 

PROTECTIVE DEVICES (or induction motors comprise: 

(a) STARTING FUSES and ROMNING FUSES inserted with | 
proper connections between stator terminals and line wires. i 

(b) OVERLOAD RELAYS or TIME-LIMIT cmctnT BREAK- 
ERS which automatically disconnect stator from line if Starting 
current is excessive or of too long duration. 

(c) LOCKING DEVICE on autostarter or controller wluch 
compels starting connections to be made before running c(W 
nections. 

(d) NO-VOLTAGE RELEASE which disconnects motor if 
line voltage falls below the percentage of normal voltage foi 
which it is set, 

PULL-OUT TORQUE is the maximum torque which motor 
can develop without stopping; it is fixed for any motor by its 
design, and is usually from two to three times full-load torque, 
at rated voltage, for polj'phase induction motors. For loads 
which fluctuate widely, this fact may determine the size of 
motor required, 

SIZE OF MOTOR should be quite accurately adjusted to 
the load; induction motor too small for its load, overheats a 
develops insulation troubles; too large for its load, operates a 
low power factor and low efficiency, 

TO REVERSE a polyphase induction motor disconnect t 
motor terminals from the line wires and interchange their cin 
nections. 

Induction motor will operate on single-phase power after bei 
started, but special devices or manipulation are necessary t 
start it. 

STARTING ARRANGEMENTS FOR SINGLE-PHASE INl 
DUCTION MOTORS comprise the following: 

(a) Small motors will often come up to full speed i 
direction if given a rapid impulse by hard. 

{b) SHADING-COIL may be used oa tcrtres^i^vdviML « . 
eacJi stator pole. Rotation will then, be m o-E^^t iae.t'&tsn. <a 
"rom unshaded toward shaded pole-tip. 
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SPLIT-PHASE arrangement of stator winding, in con- 
m with external inductance or capacitance, gives rotating 
of varying strength, which develops correspondingly weak 
e. 

REPULSION-MOTOR ACTION gives starting torque 
le of a commutator and brushes. Change from repulsion 
f to induction motor action is caused at or near full speed 
ntrifugal governor which short-circuits commutator bars 
tier and lifts brushes; or by squirrel-cage winding em- 
ed in bottoms of rotor slots. Such combination is known 
lEPULISON INDCCTIOB MOTOH." 

PULSION MOTOR has rotor Uke a direct-current arma- 
tuming within a field exactly like induction motor stator. 
' may turn in either direction or be locked, depending on 
on of brushes. Speed decreases rapidly with increase of 
9, and is very high at zero load, similar to d-c. series motor. 
MPEHSATING WINDINGS are used on the stators of 

single-phase induction motors, to improve the power 
'. By suitable adjustments, unity power factor may be 
)r the motor may be made to take leading current. 
RIES MOTORS will operate on either d-c. or a-c. circuits, 
mt equally well. To avoid low power factor, excessive 
ig and sparking when operated on alternating current, it is 
eary to design specially both armature and field of the 

gle-phase motors in general are larger, heavier and more 
iltive than polyphase motors of the same power, voltage, 
ency and speed, or than direct-current motors having 
ff (jiaracteristics and rating. 




PROBLEMS ON CHAPTER IX 

Prob. 24-9. An eight-pole synchronous motor is rated to run at 
600 r.p.m. On a Une of what frequency will it run at this speed? 

Prob. 26-9. At what speed will the synchronous motor of Prob. 
24 run if connected to a 25-cycle line? 

Prob. 26-9. Draw the complete wiring diagram of a three-phaae 
squirrel-cage motor with resistance starter, overload and no-voltage 
releases. 

Prob. 27-9. Draw the complete wiring diagram of a three-phase 
wound-rotor induction motor with external-resistance speed con- 
trol, overload and no-voltage releases. 

Prob. 2S-9. A squirrel-cage induction motor having 6 poles is 
rated as having 5.2 per cent slip on a 60-cycle circuit at full load. 
What is the speed in revolutions per minute? 

Prob. 29-9. Construct eight diagrams similar to Fig. 161 (a to 
h) for the split-phase motor of Fig. 190, assuming that the current 
in the split phase is 60° out of phase with the current in main pole 
windings. 

Prob. 30-9. Construct a wiring diagram showing the proper 
connections for reversing the motor of Fig. 190. 

Prob. 31-9. Construct 8 diagrams similar to 161 (o to h) for the 
motor as connected in Prob. 30-9. 

Prob. 32-9. An auto-transformer has 600 turns. Where would 
you tap it to obtain 45 volts if there are 130 volts across the termi- 
nals of the transformer? 

Prob. 33-9. An auto-transformer has 1200 turns. Between one 
end and a tap, there are 800 turns and 125 volts. What is the volt- 
age between the outside terminals? 

Prob. 34-9. It is desired to raise a single-phase line voltage of 
110 volts to 125 volts for a single-phase motor. Show how it could 
be done with an auto-transformer of 800 turns. 

Prob. 35-9. What would be t\i^Tea\]X\.Si/vcv^fvs\%\3;:^^\va^t^^ 
mg switch of Fig. 171, the righVhaud \.o^ Xotosm^^^x^ ^^xsasRivi^ 
'o the middle bottom terminaW 
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Prob. 36-9. If a resistance controller such as is illustrated in Fig. 
186 and described in paragraph 100 be designed to ^tart the motor 
on the same fraction of line voltage which a star-delta switch would 
give, show by wiring diagram how the resistances [should be con- 
iiected and what the voltage across the motor windings would be. 
Ijine voltage is 220 volts. 

Prob. 37-9. It is a fact, which may be proved theoretically and 
experimentally, that the torque which an induction motor exerts at 
any given value of shp is directly proportional to the square of the 
voltage applied to the stator; thus, for half voltage we should get 
one-quarter as much torque for the same slip. What should be the 
torque when starting with a star-delta switch, expressed as per cent 
of torque which would be obtained if the motor phases were delta- 
connected directly to the line at starting? 

Prob. 33-9. At starting, when the slip is always 100 per cent, 
the impedance and power factor of each phase of the motor remain 
unchanged for all practical values of starting volts and starting cur- 
rent. The apparent power (volt-amperes) and real power (watts) 
when starting by star-delta switch, bear what percentage relations 
to the corresponding values which would be taken if the motor were 
thrown delta-connected directly upon the line at starting? 

Prob. 39-9. A certain woimd-rotor induction motor when 
started with a dead short-circuit across its rotor rings, with half 
rated voltage impressed on its stator, takes two times normal full- 
load current at 50 per cent power factor. If enough resistance is 
inserted in the rotor circuit externally so that the motor takes two 
times rated ciurent when started with full rated voltage on the 
stator, what will be the power factor of the starting current (ap- 
proximately)? 

Prob. 40-9. If the external resistance added to the rotor circuit 
of the motor in Prob. 39 were sufl&cient to reduce the starting current 
to 100 per cent normal, at normal voltage on stator, what then would 
be the approximate value of power factor of the motor at starting? 

Prob. 41-9. What would happen if the brushes were all lifted 
from the slip rings of a wound-rotor induction motor? 

Prob. 42-9. A three-phase induction motor with 8 poles, con- 
nected to 60-^ycle mains, turns 600 i.p.m. ^\kaX.\&*^^\x<^K^^53^^ 
(cycles per seconds) of the currents *\xidue,^dL m ^as^fcx^^^i^^ "^\>si^. 
frequency in rotor for speed of 450 i.p.m.*l 
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Prob. 48-0. At starting, the reactance of the rotor c: 
certain wound-rotor polyphase induction motor is two tii 
fidstance, and the starting current is two times full-load cl 
the resistance of the rotor circuit be doubled, to what per 
rated-load current will the starting current be lowered? 
same in both cases. 

Prob. 44-9. Tests of a 17-horse-power 220-volt sqi 
induction motor, full-load line current 45 amperes, showc 
lowing values of line current for various methods of st^ 
With stator on 60 per cent tap of auto-transformer conned 
88 amperes; (b) with starting rheostat between stator 
wires, and adjusted to give stator 60 per cent of line 
amperes; (c) stator direct to line without compensator oi 
246 amperes. Explain the relation between values (6) ar 
the reason for difference between (6) and (a). 

Prob. 46-9. A transformer coil having 1000 turns i 
connected across a 220-volt line. A load of 10 kw. in 1' 
candescent lamps is connected between one end of the coil 
to its middle point. Assuming the losses in the coil to be 
small, what current must be drawn from the 220-volt lin 
current is deUvered at low tension to the lamps? Wher 
difference of these currents come from? 



CHAPTER X 

CONVERTERS AND RECTIFIERS 

IE alternating-current power can be more cheaply 
nitted over great distances at high voltage and trans- 
I to low voltages for industrial uses, over ninety per 
^ent of all the electric power generated in the United States 
ts alternating current- But direct-current power is preferable 
for use with some apphances, such as the arc lamps in motion- 
Picture lanterns, and is absolutely necessary in many others, 
such as electroplating and charging storage batteries. For 
this reason it often becomes necessary to convert or rectify 
alternating-current power into direct-current power. For 
tie conversion of large amounts of power it is customary to 
Use the synchronous converter (commonly called rotary con- 
('erter) and for converting small amounts, either a converter 
3r a rectifier. The rectifier may be one of three types, the 
Mercury arc, the electrolytic or the vibrating type. 

108. The Synchronous Converter. Construction. Di- 
rect-current power may always be obtained from a motor- 
generator set consisting of two distinct machines mechani- 
;ally connected, one an alternating-current motor and the 
)ther a directKiurrent generator, and under some conditions 
;his combination is used. The type of motor generally used 
s the synchronous motor, which is usually connected to a 
rampound-wound direct-current generator. Such a set is 
ihown in Fig. 201. 

But instead of using two coupled machines it is possible., 
nd generally preferable, to conibme 'Owa X'w^ 'wiwi "^sMa 
the converter. k sync\i'toTio\i?- "^crc xofi^x^ 
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I verier 13 mef^ly a machine which is a combination of a bjh yf^ 
I chrODOua motor of the revolving armature type and a direct ng^ 
I curreni. generator. Such a machine is shown in Fig. 202 nj (. 
I The alternating current enters the armature windings through ^ j, 
I the collector rings shown at the right of the machine and 



Flo. 201. Motor-goierator converter. The motor on the rigjit u 
synchronous motor operating on 2300 volts. The c 
the left deiiverB 275 kw. at 550 volts. 



causes the annature to turn in synchronism with the altem 
tions of the current as explained in Chapter IX. We thus 
have a revolving armature with an alternating current surg- 
ing back and forth through the windings. We are already 
familiar with the fact that the armature windings of a direct- 
current generator always carry such alternating currents, 
and that a commutator properly cormeoted to the windings 
is all that is necessary to dehver direct current to a set of 
brushes. 
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We have, therefore, only to tap at proper points the 
■windings of the revolving armature of the synchronnua motor 
Bad connect these taps to the proper segments of a commuta- 
tor in order to deliver direct current to a set of brushes 
benring on the commutator. The commutator is shown at ' 
ie left of the converter in Fig. 203. 




fio. 202. Synchronous converter. Alternating current is received at 
the coLecting rings oa tlic right and direct current is delivered at the 
bruBhea bearing on the commutator at the left. 

Thus the same armature fitted with both collecting-rings 
and a commutator, revolving in a field separately excited 
from an outside source of direct current, receives alternating 
current at the rings and delivers direct current at the com- 
mutator. Such a machine is called a synchronous converter 
and may be regarded as a sjmchronous motor having the 
revolving armature fitted with a, corom\ita.\jOT,OT Ba*.&s»«ivi- 



322 ESSENTIAI^ OF ALTEBNATim CURBBNTS 

current generator the armature of which ia fitted with cd- 
lecting rin^. 

109. Ratio of the Alternating Voltage to the Direct Vott- 
age of a Synchronous Converter. 

Smgle-phase. Consider the diagram of a simple tdngle- 
phase synchronous converter shown in Fig. 203. The poka 
N and S are excited by direct current from an outside source. 
Alternating-current power is delivered to the collecting-rings 
A and B from an outside source. Throi^ these rings the 




1. Diagram of the armature windings and connections of a 

aingle-phaae Bynchronoua converter. At this instant the maxtmum 
value of the alternating voltage is being delivered thro ugh the ringa 
to the armature at the tapping points a and b, causing it to rotate as 
marked. The induced voltage marked by arrows on the annature 
windings is bmg deUvered to the brushes 6i and fii. 

lead wires M and N deliver the alternating current to the 
armature winding at the two tapping points a and b, situated 
180 electrical degrees apart from each other. At the instant 
shown in Fig. 203 the alternating voltage (and current, at 
unity power factor) would be at a masimjua, B.tA, <yOT«i&evai^ 
tAe lead M positive at this instesit, ftie Mtoaiwst^ -iMiwa^f 
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rould cause the armature to rotate coimter-clockwise as in- 
ated. There would then be set up in the armature wind- 
s an induced voltage as marked in the coils. Note care- 
' fully that whatever current the alternating Une voltage may 
force through the armature windings at this instant must be 
I forced against the induced voltage and must therefore produce 
la. motor effect tending to turn the armature in a counter- 
-clockwise direction. 

Note also that an alternating current at this instant cuti 
tflow directly from the wires M and iV through the neutrtJ- 




Fir. 204. The armature of Fig. 203 has turiieJ through 90°. The 
impresaed alternating voltage between the tapping pointa ia zero at 
this instant. The induced voltage between the brushes Bi and Bt iA: 
the eame as in Fig. 203. 

coils to the direct-current brushes without going through the 
armature. Any apphance attached to the brushes Bi and Bi 
would at this instant receive all its power directly from the \ 

tflltematiDg Une. ' 

Let us assume, for the sake of simplicity, that the arma- 
ture resistance and reactance are ne6\Y^\iVj 'scrsJJl, issA. '■Jm^s. 
be losses and reactions can be ne^ec\eA ?ks\?, v'^R'uvt^^ '^J'^^^ 
ben the converter ia runmng id\e. ASu'iat 'Oo.ea& w^^S!^^»^ 
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the voltage induced in the windings is practically equal to ttie 
impressed voltage. Now the induced voltfige is the voltage i 
which is delivered by the armature to the directKiUnent 
brushes, and the impressed voltt^ is the maximum in- 
stantaneous value of the impressed alternating voltage. 

When the armature has turned throi^ 90", the induced 
voltage between the taps a and b becomes zero (Fig. 204). 
But since the machine is in synchronism and in phase with 




Fig. 205 Diagram of a three-phase three-ring converter. The im- 
pressed three-phflse alternating voltage is brought to the three equi- 
distant tapping points obc on the armature. The induced voltage ia 
deUvered as before to the d-c. bruahes Bi and Bt. 

the line voltage, the impressed voltage between the rings AB 
at this instant has also become zero. There is thus no current 
in the wires M and N. The direct voltage across the brushes, 
Bi and Bj, however, will be the same as before. 

We thus have a direct voltage at the brushes whi<^-is equal 
to the maximum value of the alternating voltage at the rings. 
Of course the alternating voltage applied to the rings is rat«d 



CONVERTERS AND RECTIFIERS 



325 



IS of the effective value, which is alwajrs 0.707 of the 

um value. Thus the alternating voltage at rings of 

e-phase converter is about 0.707 of the direct voltage 

brushes; the voltage consumed in forcing the current 

; the armature resistance causes this ratio to vary 

r from 0.707 at full load. 

•phase. In a two-phase (four-ring) converter, the sec- 

lase is tapped at points midway between the single- 
taps, the voltage across one 

Deing at a maximimi when it 

across the other phase. Thus 

Itage across each phase of a 

ase tapping is the same as 

Itage across a single-phase 

r. Accordingly, the altema- 

Itage in each phase of a two- 

lonverter, also, is 0.707 of the 

voltage. 

s-phase. For the voltage re- 
in a three-phase converter, 

r Fig. 205 and 206. The 

eads are tapped into the 

re windings at three equi- 
points a, b and c (that is, 

ght coils between any two 

md brought out to their re- 

3 sUp rings A, B and C. The 

:ing voltage impressed on the 

thus apphed to the armature 

I three points and causes the armature to rotate as a 

►nous motor. 

206 represents the voltage relations in the armature 

;s of the three-phase converter in Fig. 205. The 

)f the dotted hues ab, be and ca represents the maxL- 




FiG. 206. To produce be- 
tween brushes BiBi a 
direct voltage represented 
to scale by the length ad 
requires that there be im- 
pressed between three- 
phase a-c. rings a voltage 
whose maximum instan- 
taneous value is represen- 
ted to the same scale by 
ab or he or ac, or whose 
voltmeter value is 0.707 
times ab or he or ca. 





Ideal. 


Actual 


Sinele- or two-ohase 


0.707 
0.612 


0.71 
0.62 


Three-Dhase * fthree-rines) 


• 
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mum values of alternating voltage applied to the armature 
windings. The length of ad represents the direct voltage 
between the brushes on the conmiutator. If these lines are 
drawn to scale and if the armature windings are laid out on 
a perfect circle, then the length of either ab, be or ac will be i 
0.866 of the length of ad. . 

Thus the maximum value of the alternating voltage is 
0.866 of the direct voltage. But we always measure the 
alternating voltage by its effective value which is 0.707 of 
the maximum value. Thus the effective value of the alter- 
nating voltage is 0.707 of 0.866, or 0.612, of the direct voltage, 
in a three-phase three-ring converter. 

To sum up: 

Ratio op Ambrnating Voltage to Direct Voi/tage 






Example 1. A 220-volt 50-kw. single-phase synchronous con- 
verter will require what alternating voltage at the rings? 

Solution. The alternating voltage of a single-phase converter is 
0.707 of the direct voltage. 

Alternating voltage = 0.71 X 220 

= 156 volts. 

Example 2. What current will flow in the a-c. leads to this con- 
verter, if the efl&ciency is 90 per cent, at unity power factor? 

Solution. If 50 kw. (output) is 90 per cent of the power put into 

50 
the converter, the whole power input is ——r = 55.6 kw. 

u.yu 

* The three-phase transformers may be so coimected to a three- 
pbase converter having six rings that the 8Xtertka\.Ya% '7c\\»^ ^ Q.707 
o/ the direct voltage. This is called a diamefcTvcaV Wa«er^\iaafc wso^. 
neetion. 
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^^^^^H volts X power fautur 

^■^ _ 55.600 

~ 156 X i.OO 
= 356 amperes. 
Prob. 1-10. What would have to be the alternatmg-ciirrent 
iage of a 175-volt 40-kw. aingle-phaae converter? 
^^ob. 2-10. At 90 per ceat efficieacy and unity power factor, 
tt current must each a-c. lead of the converter in Prob. 1 carry? 
.•rob. 8-10., What would be the alternating voltage of the con- 

Rr in Prob. 1 if it were a two-phase machine? 
ob. 4-10. What current would each a-c. lead of converter ii 
ob. 3 carry at 90 per cent efficiency and unity power factor? 
Prob. B-10. If the converter of Prob. 1 were a three-ring three- 
converter, what would be the voltage between rings? 
Frob. 6-10. At unity power factor and 90 per cent efficiency, 
A current would each a-c. lead of the converter in Prob. 5 carry? 

110. Control of the Direct Voltage of a Synchronous 
Converter. A synchronous motor always operates at a 
constant speed in synchronism with the alternations of the 
current. Thus, varying the field strength will not affect the 
speed. It merely affects the power factor of the alternating 
current taken by the motor, SimOarly, we have seen that 
the direct voltage is always a certain number of times : 
large as the alternating voltage. The field strength of the 
synchronous converter does not affect the direet-cmrent 
voltage. Too small a field current merely causes the alter- 
nating current to lag behind the voltage and too high a field 
strength causes the alternating current to lead the voltage. 
Thus we say that when the field is under-excited the con- 
verter has a lagging power factor and when over-excited it 
has a leading power factor. 

Accordingly, when we wish to changp the diia^it ■■j^Alss.syi., 
m^naturally resort to the metYiod o^ cW'n.^Tv^'Oaa •aiSKccis&si^ 
IpgB, knowing that a correspondin%(^i».'Ci'5^''^'^*^*^^^^*^ 
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in the direct voltage. The alternating voltage is sometiines m 
controlled by tapping the secondaries of the transformers so h 
that by means of switches any required changes can be made t^ 
in the alternating voltage applied to the rings in order to 
produce the desired change in the direct-voltage at the 
brushes. 

Example 3. It it is desired to raise the direct voltage of the &^ 
volt single-phase converter of Example 1 to 230 volts, what chanfe^ 
must be made in the alternating voltage? 

Solution. The alternating voltage required for a single-pha^ 
converter in order to deliver 230 volts direct current equals 0.71 y^ 
230, or 163 volts. 

The 220-volt converter of Example 1 had an alternating volta^^ 
of 156 volts. 

The alternating volts would therefore have to be raised from 15^ 
to 163, or 7 volts, in order to raise the direct voltage from 220 volt^ 
to 230 volts. 

Prob. 7-10. What change in the alternating voltage of the con- 
verter in Prob. 1 would have to be made in order that the converter 
may deUver 120 volts direct current? 

Prob. 8-10. If the alternating voltage for the converter in Prob. 
1 were obtained from 850 turns of a transformer, how many more 
turns would have to be included in the next tapping interval in order 
to produce the alternating voltage required for the converter in 
Prob. 7? 

111. Charging Sets Using Converter. In Fig. 207 is 
shown a small single-phase converter used for changing 
alternating current to direct ciu'rent for use in electric arcs or 
in charging storage batteries. The appearance of a "charg- 
ing set" using this converter is shown in Fig. 208, and the 
explanatory diagram in Fig. 209. 

The converter is started by throwing the three-pole 

starting-switch to the right. This puts a compensating field 

winding ii^ series with the armature. The converter thus 

smarts as a series motor. When t\ie sp^eA \a wp \»o «T5^^3ax^ 

n^«zo the starting-switch is thrown to t\i^\ei\., exxXJCm^ ^m\» ^^ 
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mpensating field coil, and the converter runs as a synchro- 

Wus motor. The transformer is tapped at several points so 

_ Ihat the direct voltage may be made as high as 40 volts or 

as low aa 25 volts, acciording to which taps are brought out 

to the rings of the converter. 

The strength of the direct current is controlled by the 
adjustable rheostat which is put in series with the storage 




Fig. 207, Wagner Hinirfe-phase converter for chanpng alternating 
current (entering at left) to direct current (delivered at right); « 
also, when desired, as a power motor. 

batteries and set so that the direct-current ammeter indicates 
the proper charging current. The converter is also pro- 
tected against overload by fuses and against low voltage by 
relays which open both the alternating- and direct-current 
lines, in case the alternating power goes off. These prevent 
the battery from sending a current back through the converter 
and discharging the battery. li ec\m^\teAVv'0o.^\.>5&e?j,'*;«. 
converter wiJ] act as a motor, oi Sroin oue-V'ilS. ''J^ Xjw'^^'s^^^ 
power. By properly adjusting the toe^A ft-^rtesA Xiii««^ 
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the field coils, the coDverter will operate at unity power 
factor. 

Prob. 9-10. What alternating voltage must be tapped from tb« 
transformer of the set in Fig. 208, if the direct vofti^e is to be 4* 
volte? 




Pig. 208. Wagner SJngle-phaae converter set for charging storage bat- 
teries used for ignition, hghting sjid starting automobiles. 

Prob. 10-10. Four batteries each requiring six volts and 15 
amperes are to be charged at one time from the set in Fig. 208. 
Show how the batteries should be arranged and what voltage tap 
should be used in the transfonner. 



r 

y Prob. 1 
J amultane 
I volt 10-ar 
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>. 11-10. How would you arrange the following batteries (oT' 
sniultaneoiis charging? Two 16-volt 5-ampere batteries, one 6- 
't lO-ampere battery. 

112. Three-wire System. Dobrowolsky Method. When 
a synchronous eonverter is supplying a three-wire direct- 
curreat system, the neutral wire is brought back to the neu- 
tral point of the transformer secondaries as in Fig. 7. In 
this way, the unbalanced current carried by the neutral wire 




gle-phaac converter for charging 



1 to the system at the neutral point and enters the 
irmature winding through the collecting-rings. 

An arrangement similar to this is often used in connection 
(dth a direct-current generator in order to get the advantage 
i three-wire distribution. The armature is tapped at points 
80 electrical degrees apart and brought out to two collector- 
1 (like the tapping on the armature of a two-ring con- 
©rter), and a single-coil auto-transformer, called a balancer 
, is connected across the two rings. Fig, 210 shows the 
ttlancer coil AB connected to a t'NO-'^\& ?p'aa\^sK '*&i "^ 
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points a and b which are 180° apart. The rings are otnitled 
to give cleamesa to the connections. The point a will always 
be as much below the voltage-level (potential) of the bnish 
Bi as the point b is above the voltage-level of the brush Bt, 
regardless of what position the armature may be pasmng 
through. The middle N of the auto-transformer or balance 
coil AB is always just as far below the voltage-level of a as it 
is above the voltage-level of the point 6. Therefore we see 
that the point N is always just as far below the voltage-level 
of brush Zti as it is above the voltage-level of brush Bt, in 




— e. 



Fia. 210. Diagram of a Dobrowolflky three-wire direct-current genera- 
tor. The balancer coil AB is connected to the two diametrHl taps a 
and b on the armature. The neutral wire comes to the middle prant 
AT o( the balancer coil, 

other words, it is electrically midway between the positive and 
the negative mains at all times, or is in fact a neutral point for 
the direct-current distributing system. The balancer coil 
has a low resistance. Just as the central point of the trans- 
former connected across the rings of a two-ring converter 
would be the neutral point of the converter, so the central 
point N of this balancer coil is the neutral point of the direct- 
current generator and will therefore allow a direct current to 
flow throt^ it because of its low resistance, but will oppose 
6he Bow of an alternating cuneut becaoab ^^ ^^ ^^^e}\ teact- 
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«. The alternating voltage induced in the armature 
conductors will always be sending an exciting current through 
the eoil equal to the effective value of the induced voltage 
ilivided by the impedance of the coil at the frequency at 
which the volt^e alternates. Thus, if the induced voltage 
Was 240 volta at the direct-current brushes, the effective value 
acroas the balancer coil would be 0.707 of 240, or 169 volts, 
Assuming 300 ohms as the impedance (being practically all 
'eaetance, at the frequency of the machine), the exciting 




Fig. 211. Digram of a Dobrowolsky three-wire direct-current gen- 
eratOT equipped with two balancer coils and four rings in order to 
distribute more uniformly throughout the armature windings the out- 
of-balance current that floira in the neutral wire. 

current would be HSi or 0.58 ampere. Thus only this very 
small alternating current would be flowing although the 
machine was delivering 240 volts, because the reactance 
chokes back an alternating current. 

Now a^ume the three-wire direct-current system is un- 
balanced as in Fig. 210, by the positive side taking 100 
amperes and the negative only 80 amperes. The neutral 
idiich must then carry 20 amperes is comi&(^)^ ^ 'Ccr, ^skmA. 
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I central point C of the balancer coil. The low resistance coil ' 
L offers very little opposition to the flow of direct current. 
I Thus 10 amperes direct current flows in through one-half ot 
rthe coil and 10 amperes through the other half, as in this way 
Fthe least resistance is offered to the flow. These two cur- 
trents flowing in opposite directions around the core exactly 



I Fig. 212. Engine-driven directrcurrent generator '■: 

three-wire type eqmpped with four rings (and two liuUnp)- coils, 
basement below}, SB installed in the power plant of Weatworth 
atitute. 



i 



neutralize the magnetic effect of each other and so do not dis- 
turb the alternating exciting current. To be sure, since the 
tapping points a and b on the atmatuTe aie ijeiiadicallr 
changing from (-{-) to (— ) and from (.-"l "to VVi VV^ «««tfiw). 
of Bow of the iO-ampere current in \,\ie \iaVj«* ol tiGe>a^iaa!» 
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is constantly reversing. Thus the direct current in thel 
becomes two alternating currents in the balance coi].'1 
order to distribute the neutral current more evenly J 
among the armature windings and thus decrease the heating, I 
it is customary to use two balancer coils connected to the I 
generator through four collecting-rings. In Fig. 211 the J 
rings are omitted for the sake of clea ness, but note that the J 
neutral current enters the armature at four points a, b, c, d, 1 
instead of at two (a and b), as in Fig. 210. The appearanceJ 
of a Dobrowolsky generator, equipped with four rings fori 
two balancer coils, is shown in Fig. 212. 

RECTIFIERS 

I For changing alteraafing-current power in small quantities 
[> direct-current power there are several devices much less 
sive than the motor-generator or the synchronous con- 
■. These are called rectifiers and are of three types, (o) 
mercury arc, (b) the electrolytic and (c) the vibrating. 
f U3. Mercury-aic Rectifiers. By far the most common 
r is the mercury arc, which is widely used to rectify 
lating currents for the purpose of charging storage 
lotteries and operating arc lights. A pictui-e of a mercury- 
c rectifier is shown in Fig. 213 and a connection-diagram in 

. 214. 
The glass tube containing the mercury is exhausted until 
a very low pressure is obtained. There are two wells, B and 
X, which contain mercury, and two positive graphite elec- 
trodes A and A', generally called the anodes. 

The anodes A and A' are connected to opjxjsite sides of 
the line from the transformer. A coil of high reactance but 
of low resistance (Ti — T^) is also connected across the trans- 
former. The negative side oi tbc \iaX\ie,T3 '^\«. ^^>s'(s^>at 
^t^tbearcsto be lighted, is connecteAte totTKv^&aV*^^^"^ 
"ereactajice coil, and the positwfc a\4e. \» ^Xie.'^^"^'??' 



4 

1 
I 

i 
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well at B. The small mercury pool at X, which is merely 
UBed to start the arc, is connected throi^ a resistance B to 
one side of the transformer line. There is such a high reoet- 
ance offered by the gap between the mercury wells that it 
would take several thousand volte to start a current through 
it, so a starting device is necesaary. The tube is tilted until & 
bridge of mercury is formed across the space between B and 




Fig. 213. In this evacuated tube ia Fio. 214. Diagram of the 
produced the rectifying arc of a cotmectione for the angle- 
fdngle-phase mercury-are rectifier. phaae merciiry-arc rectifier 

of Fig. 213. 

X. This offers a path from wire E through resistance R, 

from Xito B, through the battery to C, through half the 

reactance coil Ti, to the ottiei sVAe ot 'Ocift 's«';otA, D. An 

alternating current would tWreloie. fto'w vVxq\u^ \te& ■^^'ia. 

^tbe tube is now tilted back, an animlo^m^i^s^id^N^^wB 
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» of the mercury and so charges it with electricity that the 
lance is cut down between the points A' and B and 
feen the points A and B. Now mercury vapor poaaessea 
iquality in common with almost all metallic vapors of 
liing a current to pass easily in one direction and hardly 
B in the other direction. Thus the current can now easily 
tfrom either A or j4' to B, depending upon whether A or 
lappens to be positive at this instant. If A' happens to 
ositive, a current is immediately set up through the vapor 
reen A' and B, and flows from A' to B, through the bat- 
to C, through Ti to the other side (D) of the transformer 
At the next instant A ' has become negative and A poai- 
: Practically no current can flow back from B to A', but 
I A is now positive, a current flows from A to S through 
rapor, then through the battery to C, through Tt to the 
:E of the transformer. Thus the current through the 
ery is always in one direction. 
it the mercury arc has some properties of any other arc, 

requires a voltage to maintain it. Now when E is 
ging from positive to negative, or vice versa, there is an 
nt when the voltage is zero, and at this instant the arc 
s to go out. The inductive reactance of the coils Ti and 
) used for the purpose of preserving the arc. For, as 
lave seen, a current is set up in Ti before the voltage 
I A' to S dies out. This current, during the decay of 
yoltage from A' to B, tends to keep up its strength 
Use of the inductance of the coil Ti and thus jumps 
Igh the vapor from A to B forming a local circuit, — 

A to B, through the battery, through Ti to A again. 
ven before A becomes positive on account of the second- 
iranaformer voltage, a current is already flowing from 

B, and it is merely increased h^ Mas. x'sk^nf^ -s^«e{«^*^ 
JB from A to B. Thus the c\iirerA.& wc^^b-ij *»&& i^ 

as it were, and maintam a TesviAa.-oN. tvis^'ss*. "iis*-^ 
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through the tube continuously. In Rg. 215, curve a is a 
copy of an oscillogram taken of the current flowing into the 
tube at Ay and curve 6 is an oscillogram of the current flow- 
ing into the tube at A\ Note that neither current has a 
negative loop. Curve c is an oscillogram of the current 
flowing out of the tube at B into the battery. Note that it 
is merely the siun of curves a and b and that it never falls to 
zero, although it pulsates and is full of ripples. Fig. 216 
shows the direct-current curve, direct-voltage curve and the 







a 



I"" 

S.10- 

16 







Fig. 215. Curve a represents the current in the lead wire at A of the 
rectifier of Fig. 214. Curve h is the current in the lead wire at A'. 
Curve c is the current in the lead wire at B. Note that curve c is 
merely the sum of curves a and 6, and that neither of them has nega- 
tive values or that the current in a and h flows only into the tube and 
never out of it. 

alternating-voltage curve obtained by an oscillograph, from 
a General Electric mercury-arc rectifier. 

The current in the opposite direction (from mercury well 
to carbon anode) is not entirely shut off. A small "in- 
verse " current will always flow in this direction, and it may 
at any instant become large eiio\i^\i to e.-axsksa ^. short circuit, 
— for instance, when the tube gets o\d axv^ ^^ N%fcM\m^\^^ 
om This allows the inverse cuxreut \,o ^^^x>xxi^ n^tj ^^^ 
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^portions and destroys the rt!Ctifying action. In fact any 
e which lowers the vacuum will allow the inverse current 
f be set up. Mercury will sometimes condense on the aide 
I the tube and drop on the red hot carbon anodes. Thia 
xiriaes the drop of mercury and instantly lowers the 
icuum. The tube thus practirally forms a short, circuit on 
B altemating-cuiTent line, since the current can flow both 




•1 

I 



_ Fig. 216. Oscillograma taken on a General Electric mcrcury-aro 
" ' Motifier, rated 60 cycles: volta, d-c. 30/118; a-c. 110/220; amperes, 
Ji dnj. 30. tipper curve: direct cuneat, 23.6 amperes. Middle ci 

act voltage, 99.4 volts. Lower curve: alternating voltage, 220 
■olts. Lines marked x are zero lines. 

s through it with very httle resistance. Precautions are 
e taken in designing the shape of the tube to prevent 
reury globules from coming into contact with the c 



"he reactance coils Ti and Ti iQay 'W aHiH.\Rft.'-^ ^ 
sformer with large leakage reatAaiv^^c '■». \i.^»A.- 




340 ESSENTIALS OF ALTERNATING CURRENTS 



secondary divided into two equal coils. The nega 

the batteries is then brought to the juncture of the 

secondary windings, which perform the duties oi 

reactance coils Ti and T2 and also of the secondary \^ 

DE. 

A tube constructed for use on a three-phase circuit 

even better than a single-phase tube. Fig. 217 she 

connection for a three-phase 

Note that the return from tl 

tery is brought back to the i 

juncture of the three Y-con 

transformer coils. The froi 

rear appearance of a merci 

battery-chargingequipment is 

in Fig. 218. 

114. Rating and Efficiei 

Mercury-arc Rectifiers. Th 

common size of tube for cl 

storage batteries is built o\ 

with a maximum capacity 

amperes direct current, and 

minimum current of 5 or 6 an 

If the current in these tubes is 

much above 30 amperes, th 

becomes too hot and soon 

down by taking on a coal 
Fia J17. Diagram of con. ^^^^^ short-circui 

nections for a three-phase . , _.. ., , , 

termmals. If the current dn 

low 5 or 6 amperes, the arc 

out " and the tube must be tilted up and started agai 

other words, it takes 5 or 6 amperes to keep the m 

su&ciently vaporized and e\ftc\,x\&fcd \» \aa.mtain an a 

Other sizes in glass are rat^ a\, \^,^^> ^ ^^^^ ^ 

maxunum. Steel tube© deUv^i a^\^^ ^*^^ ^^^ 

J 




mercury-arc rectifier. 
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jnt. They can be built for practically any voltage by 
ii^ the distance between the anode and the mercury well 
athode) great enough. Tubes have been built to operate 
000 volts. The direct voltage may be made any value 
reea 20 per cent and 52 per cent of the alternating volt^e 





218. Front and rear views of a General Electric mercury-arc 
rectifying outfit for charging storage batteries. 

e transformer secondaries and the direct current IJ to 2^ 
i the alternating current. The drop across the tube ie 
ys 14 volts in the battery-charging type and 25 -^^Viaxsi. 
mea-h^ting type, regardless oi iN\vB.\.'ili&'\a^\.te^R&.^^^ , 
The efficiency then depends ett\JK\g ^•e*^'^'^^"^'^*^''''^ 
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at which the tube is operated; in fact, in those operating on 
high voltage, the tube loss is negligible, the efficiency depend- 
ing upon the efficiency of the transfonner. In practice, the 
combined efficiency of the transfonners and tubes, etc., ranges 
from 80 per cent to 92 per cent. The power factor is about 
90 per cent. The regulation is excellent, depending entirely 
upon the drop in the transformers and reactance coils, since 
the drop in the bulb does not change at all with the load. The 
Ufe depends upon the temperature at which the bulb is run, 
— a low temperature resulting in an indefinitely long life. 

115. Electrolytic Rectifier. Many metals immersed in 
some solution offer a high resistance to the passage of an 
electric current when it is flowing from the metal to the solu- 
tion, but yet offer a very low resistance when current flows 
from the Uquid to the metal. In the case of aluminum, it is 
practical to make commercial use of this property for recti- 
fying alternating-current power in relatively small amounts. 

A plate of aluminum and a plate of lead are placed in an 
electrolyte, generally a solution of neutral anmaonium sul- 
phate. The aluminum will allow a current to flow from the 
lead through the solution to the aluminum plate with not 
much resistance, but offers a high resistance to the flow from 
the aluminum through the electrolyte to the lead plate. 
Such a cell is called an electroljrtic rectifier. 

An arrangement of four cells is generally used when an 
alternating current is to be rectified for charging storage 
batteries, as in Fig. 219. When the side B of the trans- 
former is positive, the current can flow through cell I from 
the lead to the aluminum, but not much current can get 
through cell II as it would have to pass from the aluminum 
to the lead. Therefore, it is forced through the battery to 
point D, From here, it can fLo^w througfi cell IV, from lead 
to aJuminmn again, and Teac\i AJci^ o^Jmx ^\^^ A. ^\^^\sss!ar 
former. Similarly, wben A \ieco\a.^ ^«iS«^, \5aa ^xsssjss^ 
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TOm A through cell II, through the battery and cell 

the side B of the transformer. 

efficiency of this arrangement depends upon the tem- 
re of the electrolyte, being about 30 per cent for an 
nent for charging a 6-volt battery, if the temperature 
lot rise above 30° C, but becoming very small as the 
lum cells get hot. In order i i 

jrate at the proper tern- | | 

Jpe, the aluminum plates 
r each have an area of 
2 square inches for each 
B which is delivered to the 

f. Thus to charge a bat- 
jl; the rate of 10 amperes, 
duminum cell should have 
aniniim plate of about 20 
t'inches and a lead plate 
tut the -same area, and 
i told nearly a quart of 
|Iyte. The amount of cur- 
i regulated by the resist- 
U. Oscillograma for an 
jlytic rectifier, furnished 

! General Electric Co., are Fio. 210. Diagram of connec- 
i in Fig. 220. tioii of four aluminum cella to 

. Vibrating Rectifier. For be used aa an electrolytic rec- 
ring from three to eight 

jea direct current for charging storage batteries from 
emating-current circuit, a vibrating rectifier like that 

g. 221 is sometimes used. The operation may be 
stood by referring to Fig. 222, Across one-half of the 
ormer secondary are connected in scries two majgieta 
■the a-c. magnets. Note tWt tine ■«\G!S\B>t, oo- •»«- - 
tf BO that at any ^ven inBtant iVcy "^"^^ v^'ejsasS.'Ss*^ 




^^H^^ 
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same polarity to the maguet called the d-c. magaet. Dm 
one-half the cycle they will preseot a north pole to the d 
ma^et and during the other half a south pole. The d 
magnet which U free to move about its center is eneri 
from the battery which is being charged, and its poles a 
permanent during the charging process. Thus at any ii 
one end will be attracted to &a a-c. magnet and the other a 




Fig. 220. Oscillograms made by the General Electric Co. on a Faria 
Hectrolytic Rectifier, rated 30 amperes, 110 volts, and similar in 
principle to Fig. 219. Upper curve: direct current. Middle curve: 
direct voltage. Lowercurve: alternating voltage. Thelineam 

will be repelled by the other magnet. As the a-c. 

reverse their polarity, the other end of the d-c, magnet 

drawn up and the first repulsed. Thus the d-c. 

vibrates in synchromsm mtt t\ie aVtero.a.'Oi.QQa^n.'yae. %.UeTii 
ing~current line. As it -vibrates "A maVaa wA\«ea!ea« -' 
»t the points X and Y . 
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Assume that the end marked 5 of the tranaformer is posi- 
tive at a given instant. This makes contact points Y [>0Bitive 
at that instant, and the two ar«. magnets will be presenting 
north poles to the d-c. magnet. Now if the battery terminal 
marked M happens to be the positive, then the left end of the 
d-c. mi^net will be a north pole and will be repulsed by the 
«-c. magnet, and the right-hand end will be attracted. This 
niakes a contact at Y and opens the circuit at X. The a-c. 
current from 5, therefore, enters the conducting strip on the 
d-c. magnet at Y, flows through this strip to the side of 




PlQ. 221. A vibrating rectifier. Suitable only for smaU cuirenta, 
aa for charging small storage batteries. 

battery circuit marked M, through the battery to N and then 
back to the transformer. At the next instant, the current 
dies out and a spring brings the d-c. magnet back to the 
position in Fig. 222. The contact is thus broken at the 
instant when the current is zero, and no sparking results. 
Then the end 5 of the transformer becomes negative and the 
current flows in the opposite direction through the a-c. 
magnet coils making them present south poles to the d-c. 
magnet. The left end ot the d-c. nta:^^ is,, ftsiMA*s».^ -jiSj- 
^acted up and the right end \a lepwiBieA iowB., ta^KK.^ *. 
mtact at X. This conneclB M tioiwi^ ^Sofc **- "K's^ss 
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and contact X with the end 3 of the transformer, which, we 
have seen, is now positive. Thus the lead M is still positive, 
and an intermittent direct cmrent is delivered to the bat- 
teries. Note that it makes no difference whether the positive 
or the negative side of the battery is connected to M otN, 
If the negative side is connected to M, instead of the positive, 
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Fig. 222. Diagram of connections of a vibrating rectifier, such as 

shown in Fig. 221. 

as in the above explanation, it merely magnetizes the d-c. 
magnet in the opposite direction and the rectif3dng takes 
place in the reverse order so that the current is always de- 
livered to the proper battery lead. Fig. 223 shows the 
alternating voltage, direct voltage and direct current as 
taken by an oscillograph on a General Electric Co. vibrating 
rectMer. 
117. DiflFerence between Cuttetit^ T>^^N«t^^ ^si ^^^^- 
£ers and by Converters. TYie cuxIen\>lTom^x^^^(;^tst^^^^^ 
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lot be used in inductive circuits containing iron because its 
mlaations would set up eddy currents and would also cause 
lysteresis loss. It would not be well, therefore, to excite the 
eld of an alternator with the current delivered by a rectifier, 
'he curves o£ direct voltage as shown in the oscillograms 




Fia, 223. OBcniogramH taken on a General Electric vibrating rectifier 
rated 115 volts 6.8 amperes (alternating curroni) and 4.7 amperoa 
(direct current), similar to the Wcstinghouse rectifier shown in Fig. 221. 

■e: alternating voltage. Middle curve: direct voltage. 

a: direct current. The rectifier ia char^g a three-cell 

of Fig. 216, 220 and 223 are smoothed out and sustained 
because in every case batteries are being charged. The cur- 
rent delivered by a converter, on the other hand, ia usually 
as steady as that delivered by a direct^current generator and 
can be used for any purpose calling for direct-current power. 




SUMMARY OF CHAPTER X 

CONVERTERS and rectifiers are devices for changing ' 
altematiiig-current power into direct-current power. For lai^e 
amounts of power, synchronous converters or rotary converters, 
and motor-generator sets are used; for moderate or small 
amounts, mercury-arc rectifiers are used; for very smalt 
amounts (as charging automobile ignition batteries), vibrating 
rectifiers or electrolytic rectifiers may be used. In general, 
converters and rectifiers are not reversible — alternating cut- 
rent cannot be manufactured from direct curreat; the syncluo- 
nous converter and the motor-generator converter may be 
operated inverted, but this is not usual. 

MOTOR-GENERATOR CONVERTER consists of an a-c 
motor (synchronous or induction type, usually the former) me- 
chanically coupled to a d-c. generator, usually compound- wound. 
The following distinguishing features are to be noted: 

(a) Motor and generator windings are electrically separate; 
no definite or necessary voltage ratio between a-c. input and 
d-c, output; motor may often feed directly from high-voltage 
a-c. mains without transformers, while delivering d-c. power at 
low or moderate voltage. > 

(b) Synchronous motor may be used as a synchronous atum 
denser for improving power factor of the line. | 

(c) Direct-current voltage may be easily controlled independ- ' 
ent of all adjustments on the a-c. side. 

SYNCHRONOUS CONVERTER or ROTAET is essentially 
a direct-current generator with collecttng-rings added, each 
ring being connected electrically to certain commutator bars. 
On account of changed distribution of current in armature wind- 
ing, synchronous converter can handle more power without 
overheating than same machine used as straight d-c. generator 
driven mechanically; hence usually commutator and brushes 
are larger and more prominent than in same size d-c. generator. 
Other special features to be noted, as follows; 
(a) Fixed ratio exists between voltage at a-c, rings and v^ 
age at d-c. brushes, which necesatatea \iia% teasisiQit 
34S 
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UBed between converters and high-voltage a-c, transmiBEian 

|lme. 

(b) Range of control over d-c. voltage is not wide, and requires 
r either special transfonner taps and switches on a-c. side, or 

change of power factor with special reactors. 

(c) Efficiency is higher than that of a motor-generator set. 

(d) Size, cost and space required are less than for a motor- 
geaerator converter of equal capacity. 

Ratio of effective voltage between a-c. rings to constant volt- | 
I ige between d-c. brushes is 

0.71 for a single-phase (two-ring) converter. , 

0.71 for each phase of a two-phase (four-ring) converter. 

0.62 for each phase of a three-phase (tliree-ring) converter. 

The current ratio depends upon power factor at which con- 
trerter is operated, and its eflSciency. Synchronous converter 
1s really a synchroaous motor and a d'C. generator combined in 
' one machine, and its power factor may be easily adjusted by 
changing the field current, as in any synchronous motor. A 
certain field strength (normal) produces unity power factor; a 
higher strength (over- excited) makes converter take leading re- 
active volt-amperes; a lower stiength (under-excited) makes 
converter take lagging reactive power. 

TO CHANGE VOLTAGE BETWEEN D-C. BRUSHES of a \ 
synchronous converter, we must change voltage between a-C> 
rings in like ratio. This may be done by: 

(a) Having taps for various voltages on the transformers. 

(h) Having sufficient reactance between transmission line and 
rings of converter; then, voltage at rings is raised by over- 
ezcidng the converter, causing it to take a leading component of 
current through the inductive reactance. 

Synchronous converter must always turn at synchronous 

P speed, or not at all. It may deliver mechanical power from a 

nulley on its shaft, while it also acts as converter. Or, it may be 

L-driven by mechanical power and deliver either d-c. or a-c. elec- 

Xical power or both; in this case it is called a double-current 

inerator. 

DOBROWOLSKY THREE-WIRE GENERATOR is a 
Idouble-current generator in which the a-c. side is used only to 

indle the unbalanced direct current which flows on the neutral 
s of the d-c. three-wire system. There may be two a-c. 
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rings, but there are usually four; these are connected to "bil- ' 
ance coils " or compensators which are simply auto-transformers 
whose middle points are connected to the neutral wire. By 
this means the neutral wire is maiatained always at a voltage- 
level midway between the positive and negative d-c. brushes, ' 
MERCURY-ARC RECTIFIER consists of mercury vapor at ' 
low pressure enclosed in a glass (or steel) tube, with various 
electrodes connected through suitable resistances, inductances, 
transformers and switches to the a-c. power supply. Its opera- 
tion depends upon a property peculiar to metallic arcs, that cur- 
rent may pass into a metal electrode from its vapor, but not from 
the metal into its vapor. It is for this same reason that magnet- 
ite or metallic arc street lamps must be supplied with direct 
current and cannot operate on alternating current. Features 
peculiar to mercury arc-rectifiers are: 

(a) Units are of limited capacity; glass tubes cannot cany 
over 30 to 40 amperes; steel tubes have been used for currents 
of several hundred amperes but are not entirely successful- 
Voltages up to 6000 have been used on single tubes. 

(b) Great care must be exercised to keep the tubes cool 
They are often operated immersed in oil, and are frequentlj 
allowed to " rest " that their lives may be lengthened. J 

(c) There is a minimum current (about 6 amperes) belovl 
which the arc will not operate; if this limi t is passed, rectifies^ 
must be restarted. 

(d) Losses in rectifier tube correspond to a constant back- 
voltage of about 15 volts ; the per cent loss of power in tube is 
therefore very small for high voltages (series-arc rectifiers) but 
may be comparatively large for low voltages (battery-charging 
rectifiers). In practice, the combined eflSciency of trans- 
formers, tubes, etc., ranges from 80 per cent to 92 per cent, with 
power factor of about 90 per cent. 

(e) The voltage and current produced on the d-c. side are 
slightly pulsating, which would result in escessive iron losses if 
the d-c. power were used in motors or other apparatus having 
iron cores. Mercury-arc rectifiers do not work satisfactorily on 
inductive circuits. 

ELECTROLYTIC RECTIFIERS are usually combinations of 
cells consisting of plates of aluminum and lead immersed in a 
solution of neutral ammonium sulphate, and suitably connected 
to each other, to the a-c. power su^^" ' to ti\.« d-c. load. 
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Cuireot may flow from the lead through the solution to the 
lluminum, but not in the opposite direction. Efficiency is low, 
ind becomes rapidly worse as the temperature of rectifier rises. 
Plates should each have about two square inches area per 
unpere capacity desired. The direct voltage and current pul- 
sate markedly, which renders the rectifier unsuitable for much 
beside charging storage batteries. 

VIBRATING RECTIFIERS depend upon forced vibrationa 
of a contact arm which reverses the electrical connections be- 
tveen d-c. load and a-c. supply Une at exactly the same instant 
ttat the line voltage reverses, thus causing the polarity of each 
4-c. terminal to remain unchanged. The voltage and current 
output on d-c. side are pulsating, and are not suited to many 
porposes besides charging small storage batteries for which 
Us rectifier is used principally. 



PROBLEMS ON CHAPTER X 

Prob. 12-10, What must be the alternating voltage of a 30-kw. 
30-volt single-phase ayrchronous converter? 

Prob. 13-10, If the converter of Prob, 12 is operated at 92 per 
jit efficiency and 95 per cent leading power factor, what current 
Uuld each a-c. lead have to carry? 

Prob. 14-10. What current would each a-c. lead of converter in 
itob. 13 carry if it were a two-phase machine? 
I Prob. 16-10. What current would each a^c. lead of machine in 

cob. 13 carry, if it were a three-ring three-phase converter, operate 

g at 92 per cent efficiency and 95 per cent power factor? 

■Prob. lG-10. What voltage would the converter of Prob. 12 

ive if it were a six-ring diametrically-connected converter? 

Prob. 17-10. What current would each lead of the converter in 
rob. 16 carry it it operated at 92 per cent efficiency and 95 per cent 

iwer factor? 

Prob. 18-10. It is desired to raise the direct voltage of a single- 
Euise converter from 110 to 116 volts. How many turns must 
tere be between taps on a transformer to produce the necessary 
kange in the alternating voltage, if the altematii^ voltage for HO 

reot volts is obtained from 1240 turns? 

Prob. 19-10. Answer the question in Prob. 18 if the converter 

a tbree-pbaee three-ring machine. 
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Pfob. 20-10. If the voltage of a three-phase 2300-volt line were 
applied directly to the rings of a three-ring three-phase converts, 
what should be the voltage between the direct-current brushes? . 

Prob. 21-10. Four 6-volt 10-ampere batteries are to be charged 
simultaneously with two 16-volt 5-ampere batteries and one 8-volt 
10-ampere battery, (a) How would you arrange them? 

(6) What voltflHge tap would you connect to the converter of fig* 
208 to charge this arrangement of batteries? 

Prob. 22-10. Suppose that the value 23.6 amperes for the top 
curve oscillogram in Fig. 216 was obtained by means of a direct- 
current anuneter of the permanent-magnet type, which registers the 
average value of the varying current. By measurements on the 
oscillogram, determine what must be the maximimi instantaneotl^ 
value, in amperes, of the direct current. 

Prob. 2S-10. Suppose that the value of 23.6 amperes for the top 
curve in Fig. 216 was obtained by means of an altemating-curren* 
anuneter of the iron-plunger type, which registers the square-root^ 
of-mean-square, or effective, value, of the varjdng current. By 
measurement on the oscillogram, determine what must be the maxi" 
mum instantaneous value, in amperes, of the direct current. 

Prob. 24-10. The following data are reported in The Electric 
Journal, Vol. IX, page 609. In a pipe and tube plant at Etna, Pa., 
the average power factor of the load on the generators was 0.52 
Ifl'ggii^K- A motor-generator converter was added having a 1000- 
kv-a. synchronous motor. When this set is running at full load 
with 0.209 power factor leading, the power factor of the main genera- 
tor becomes 98 per cent, (a) What was the total kilovolt-ampere 
output of the generators before the motor-generator converter was 
added? (6) What was the effective power (kilowatt) output of the 
generator before the converter was added? 

Prob. 2&-10. After the motor-generator converter of Prob. 24 
was added to the plant: (a) What was the apparent output (kv-a.) 
of the generators? (6) What was the effective power output (kw.) 
of the generators? (c) At an efficiency of 82 per cent for the motor- 
generator converter, how much d-c. power was delivered by the set? 

Prob. 26-10. Two slip rings are added to an ordinary direct- 
current generator to make a single-phase synchronous converter. 
The machine has two poles, two sets of brushes (one positive and 
one negative), and 36 commutator bars. If we nmnber the bars 
consecutively starting with any one, and connect one of the rings to 
Bar No. 1, to which bar should the ottei iva%b^ ^^x^^4^^9 u the 
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maehjbie is rated 110-volts d-c, what a-c. voltage should we impress 
between rings? 

. Prob. 27-10. If we desire to make a three-phase three-ring syn- 
chronous converter out of the d-c. generator of Prob. 26, and we 
connect Ring No. 1 to commutator Bar No. 1, to which bars should 
rings No. 2 and No. 3 be connected, respectively? What a-c. volt- 
age should be impressed between rings? 

Prob. 28-10. Consider that the d-c. generator of Prob. 26 had 
four poles and four brush sets (two positives, bearing on commu- 
tator bars 1 and 19, let us say, and two negatives bearing on bars 10 
and 28 at the same instant) . To what commutator bars should each 
ring be tapped, to make a two-ring converter? 

Prob. 2^10. Solve Prob. 28 for a three-phase three-ring con- 
verter. Note that each ring must be connected to all bars which 
at the same instant will be similarly situated imder north poles, in 
order that the currents and heating shall be uniformly distributed 
in the armature winding. 

Prob. 80-10. A three-phase 200-kilowatt 250-volt synchronous 
converter receives power through three single-phase transformers 
from a three-phase 2300-volt circuit. The high-tension windings 
of the transformers are connected in wye and the low-tension wind- 
ings in delta. What should be the current and voltage rating of the 
high-tension and of the low-tension windings of each transformer, 
assuming that the rotary shall be able to operate at 0.90 power 
factor and 0.92 efficiency at full load? 
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TABLE I 
Power Factors and Reactive Factors 





Angle in 


Power 


Reactive 


Angle in 


Power 


Reactive 




degrees. 


botor. 


factor. 


degrees. 


factor. 


factor. 







1.000 


.000 


46 


.695 


.719 




1 


.999 


.017 


47 


.682 


.731 




2 


.999 


.035 


48 


.669 


.743 




3 


.999 


.052 


49 


.656 


.755 i 




4 


.998 


.070 


50 


.643 


.766 I 




6 


.tTvO 


.087 


51 


.629 


.777 \ 




6 


.995 


.105 


52 


.616 


.788 




7 


.993 


.122 


53 


.602 


.799 




8 


.990 


.139 


54 


.588 


.809 




9 


.988 


.156 


55 


.574 


.819 




10 


.985 


.174 


56 


.559 


.829 




11 


.982 


.191 


57 


.545 


.839 




12 


.978 


.208 


58 


.530 


.848 




13 


.974 


.225 


59 


.515 


.857 




14 


.970 


.242 


60 


.500 


.866 




15 


.966 


.259 


61 


.485 


.875 




16 


.961 


.276 


62 


.469 


.883 




17 


.956 


.292 


63 


.454 


.891 




18 


.951 


.309 


64 


.438 


.898 




19 


.946 


.326 


65 


.423 


.906 




20 


.940 


.342 


66 


.407 


.914 




21 


.934 


.358 


67 


.391 


.921 




22 


.927 


.375 


68 


.375 


.927 




23 


.921 


.391 


69 


.358 


.934 




24 


.914 


.407 


70 


.342 


.940 




25 


.906 


.423 


71 


.326 


.946 




26 


.898 


.438 


72 


.309 


.951 




27 


.891 


.454 


73 


.292 


.956 




28 


.883 


.469 


74 


.276 


.961 




29 


.875 


.485 


75 


.259 


.966 




30 


.866 


.500 


76 


.242 


.970 




31 


.857 


.515 


77 


.225 


.974 




32 


.848 


.530 


78 


.208 


.978 




33 


.839 


.545 


79 


.191 


.982 




34 


.829 


.559 


80 


.174 


.985 




35 


.819 


.574 


81 


.156 


.988 




36 


.809 


.588 


82 


.139 


.990 




37 


.799 


.602 


83 


.122 


.993 




38 


.788 


.616 


84 


.105 


.995 




39 


.777 


.629 


85 


.087 


.996 




40 


.766 


.643 


86 


.070 


.998 




41 


.755 


.656 


87 


.052 


.999 




42 


.743 


.669 


88 


.035 


.999 




43 


.731 


.682 


89 


.017 


.999 


i ^ i 


44 


.719 


.695 


90 


.000^ 


1.000 




.7(fl 


.707 


120 


.500 


.866 
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e of Allowable Carrying Capacities of Wires 

ilowing table, showing the allowable carr3dng capacity of 
«s and cables of 98 per cent conductivity, according to the 
dopted by the National Board of Fire Underwriters, ^nust be 
L placing interior conductors. 

dated aluminum wire the safe carrying capacity is 84 per cent 
en in the following tables for copper wire with the same kind 



m. 



TABLE II 







Table A. 


Table B. 


:age 


Area in circular mils. 


Rubber insulation 


Other insulation 


ir« 




amperes. 


amperes. 


i 


1,624 


3 


5 


3 


2,583 


6 


10 


i 


4,107 


15 


20 


2 


6,530 


20 


25 


3 


10,380 


25 


30 


5 


16,510 


35 


50 


3 


26,250 


50 


70 


10 

3 


33,100 


55 


80 


i 


41,740 


70 


90 


5 


52,630 


80 


100 


2 


66,370 


90 


125 


I 


83,690 


100 


150 


3 


105,500 


125 


200 


3 


133,100 


150 


225 


3 


167,800 


175 


275 




200,000 


200 


300 


3 


211,600 


225 


325 




300,000 


275 


400 




400,000 


325 


500 




500,000 


400 


600 




600,000 


450 


680 




700,000 


500 


760 




800,000 


550 


840 




900,000 


600 


920 




1,000,000 


650 


1000 




1,100,000 


690 


1080 




1,200,000 


730 


1150 




1,300,000 


770 


1220 




1,400,000 


810 


1290 




1,500,000 


850 


1360 




1,600,000 


890 


1430 




1,700,000 


930 


1490 




1,800,000 


970 


1550 




1,900,000 


1010 


1610 


... . i 


2,000,000 


1050 


[ VSl^ 
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TABLE IV 
Table of Reactance of Wire Lines 



Sice B. & S. 
sage. 


Reactance in ohms per 1000 ft. of wire at 60 cycles. 

• 


Distance between centers of conductors. 


}in> 


1 in. 


2 in. 


2iin. 


Sin. 


4 in. 


6 in. 


8 in. 


14 solid 

12 solid.... 

10 solid 

8 solid 

6 solid 

4 solid 

4 stranded 
3 stranded 
2 stranded 
1 stranded 
stranded 

00 stranded 

000 stranded 

0000 stranded 


0.0689 

0.0636 

0.058 

0.0535 

0.0475 

0.0425 

0.039 

0.036 

0.0335 

0.0315 

0.028 

0.026 

0.023 


0.0848 

0.0795 

0.074 

0.069 

0.0635 

0.0585 

0.0555 

0.0525 

0.0495 

0.0475 

0.0445 

0.042 

0.039 

0.0365 


0.1008 
0.0952 
0.0902 
0.0848 
0.0795 
0.0741 
0.0712 
0.0686 
0.0659 
0.0632 
0.0603 
0.0577 
0.0550 
0.0523 


0.1079 

0.101 

0.0953 

0.0899 

0.0846 

0.0793 

0.0764 

0.0738 

0.0711 

0.0684 

0.0654 

0.0628 

0.0601 

0.0575 


0.1101 
0.1048 
0.0995 
0.0941 
0.0888 
0.0834 
0.0805 
0.0779 
0.0752 
0.0725 
0.0696 
0.0670 
0.0643 
0.0616 


0.119 

0.111 

0.106 

0.101 

0.0955 

0.090 

0.087 

0.084 

0.0815 

0.079 

0.076 

0.0735 

0.071 

0.068 


0.126 

0.1207 

0.1153 

0.1103 

0.1048 

0.0993 

0.0963 

0.0933 

0.0908 

0.0883 

0.0853 

0.0828 

0.0803 

0.0773 


0.135 

0.127 

0.122 

0.1165 

0.111 

0.1055 

0.103 

0.100 

0.097 

0.095 

0.092 

0.0895 

0.0875 

0.084 



Note. For the reactance of lines using 25 cycles, multiply the table values by }§. 
40 cycle values, multiply the table values by %%. 



For 



TABLE V 

Values of Maximum Voutagb Drop Allowance for Loads which 

Include Lamps 





In per cent. 


In voltage between wires for 


110 
volts. 


112 
volts. 


115 
volts. 


120 
volts. 


240 
volts. 


Branches 

Mains 


1.5 
1.0 
2.5 


1.65 
1.10 
2.75 


1.68 
1.12 
2.80 


1.72 
1.15 
2.88 


1.8 
1.2 
3.0 


3.6 
2.4 
6.0 


Feeders 


Total 


5.0 


5.60 


5.60 


5.75 


6.0 


12.0 
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TABLE VI 

CUBRBNT AND SiZB OF WiRB FOR TWO-PHASB INDUCTION MOTOBS 



Horse 
power. 


Amperes, full load.f 


Sixe of wire.t 
Rubber or other insulation 


110 
volts. 


220 
volts. 


440 
volts. 


550 
volts. 


110 
volts. 


220 
volts. 


440 
volts. 


650 
volts. 


0.5* 
1.0* 
2.0* 
3.0* 

5.0 

7.5 

10.0 

15.0 

20.0 
25.0 
35.0 
50.0 

75.0 
100.0 
150.0 
200.0 

250.0 
300.0 


3.2 

5.6 

10.0 

14.4 

23.2 
34.0 
46.0 
66.8 

94.4 
108.4 


1.6 
2.8 
5.0 
7.2 

11.6 
17.0 
23.0 
33.4 

47.2 

54.2 

74.2 

105.0 

155.0 
205.0 
306.0 
390.0 

484.0 
580.0 


0.8 
1.4 
2.5 
3.6 

5.8 

8.5 

11.5 

16.7 

23.6 

27.1 
37.1 
52.6 

77.3 
103.0 
153.0 
195.0 

242.0 
290.0 


0.6 

1.1 

2.0 
2.9 

4.7 

6.8 

9.2 

13.4 

18.9 
21.7 
29.7 
42.1 

61.9 

82.0 

123.0 

156.0 

194.0 
232.0 


14 

14 

10 

8 

6 
4 
2 


000 
000 

tw 
twi 


14 
14 
14 
12 

8 
8 
6 
4 

2 

1 



000 

300,000 

450,000 

300,000 

400,000 

500,000 
600,000 


14 
14 
14 
14 

12 
12 
10 

8 

6 
5 
3 
1 



000 

300,000 

400,000 

500,000 
600,000 


u 

14 
14 
14 

14 
12 
10 

8 

8 
6 
5 
2 

1 

00 

OOOO 

300,000 

400,000 
500,000 



* These motors are thrown directly on the line; all others are provided with auto- 
starters set to give a starting torque equal to full-load running torque. 

t Values of current are for a two-phase four-wire system; for single-phase motors cur- 
rent would be double the values given in the table, for same voltage. 

X Sizes of wire are for squirrel-cage motors. For slip-ring motors, smaller sises can be 
used. This table taken from Cook's " Interior Wiring," to which student should reftf 
for more detailed information about wiring. 
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TABLE VII 
^n: AND Size op Wire for Three-phase Induction Motors 



Amperes, full load. 


Size of wire.f 
Rubber or other insulation. 


110 
olts. 


220 
volts. 


440 
volts. 


550 
volts. 


110 
volts. 


220 
volts. 


440 
volts. 


550 
volts. 


3.6 
6.4 
1.6 
6.4 

6.8 
9.2 
3.2 
7.0 

9.0 
5.0 

• • • • 
« • • « 

• • • • 

• • • • 

• • • • 

• • • • 

• • • • 

• • • • 


1.8 
3.2 
5.8 
8.2 

13.4 
19.6 
26.6 
38.6 

54.6 

62.6 

.85. 6 

122.0 

179.0 
237.0 
353.0 
451.0 

560.0 
670.0 


0.9 
1.6 
2.9 
4.1 

6.7 

9.8 

13.3 

19.3 

27.3 
31.3 
42.8 
61.0 

89.0 
118.0 
176.0 
226.0 

280.0 
335.0 


0.7 
1.3 
2.3 
3.3 

5.4 

7.9 

10.7 

15.5 

21.8 
25.1 
34.3 
48.6 

72.0 

95.0 

141.0 

181.0 

224.0 
268.0 


14 
12 

8 
8 

6 

3 

1 

00 

000 
OOOO 

tw< 
tw< 

tw< 


14 
14 
14 
10 

8 

8 

. 6 

3 

1 



00 

OOOO 

350,000 

500,000 

3 400,000 

3 500,000 

3 700,000 
3 900,000 


14 
14 
14 
14 

12 
12 

8 
8 

6 
5 
2 


00 

0,000 

400,000 

500,000 

700,000 
900,000 


14 
14 
14 
14 

14 
12 
10 

8 

6 
6 

4 

1 



000 

300,000 

400,000 

500,000 
600,000 



Qotors are thrown directly on the line; all oohers are provided with auto- 
o give a starting torque equal to full-load running torque, 
wire are for squirrel-cage motors. For slip-ring motors, smaller sizes can be 
table taken from Cook's ** Interior Wiring/' published by John Wiley d; Sons, 
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TABLE VIII 

Power Factor op Induchon Motors * 

(Two- and Three-phase) 



Hone power. 


Power factors. 


iload. 


Full load. 


1 

2 

5 

10 

20 

50 

100 

200 


0.60 
0.71 
0.82 
0.79 
0.83 
0.85 
0.87 
0.94 


0.70 
0.79 
0.85 
0.84 
88 
0.89 
0.91 
0.96 



* For 60 cycles; 25-cycle motors are practically the same. 

TABLE IX 
Demand Factors for Motor Loads * 



No. of motors. 


Character of load. 


Demand factor. 


1 

2 

3 

5 

10 

20 

1 

2 or more 

1 
2 or more 


Individual drives — tools, etc. 
Individual drives — tools, etc. 
Individual drives — tools, etc. 
Individual drives — tools, etc. 
Individual drives — tools, etc. 
Individual drives — tools, etc. 
Group drives 
Group drives 

Fans, compressors, pumps, etc. 
Fans, compressors, pumps, etc. 


1.25 

1.00 

0.75 to 85 

0.60 to 0.70 

0.40 to 0.50 

0.40 

1.25 

0.70 to 0.75 

1.25 

0^85 to 1.00 



The above values make no allowance for future increase in the load. 
* Ratio of probable maiimum load to connected load. 

TABLE X 

Equivalent Distance between Conductor? in Three-wire Systems 

Formula: equivalent distance = Vproduct of the three distances. 



Distance between 
adjacent wires 



z 



Equivalent 
aistance 



i in. 



/ 



0.63 



lin. 



1.26 



2 m. 



2.52 



2iin. 



3.15 



3 in. 



3.78 



4 in. 



5.04 



6 in. 



6.3 



6 in. 



7.56 



Sin. 



10.08 
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Active component of current, 115, 
142 
of voltage, 125, 142 
Addition, vectorial, 100, 104 
vectorial vs. arithmetic, 118, 
121, 144 
Adjustment of power factor, 164, 

308 
Algebraic sum of vectors, 104, 108 
Allowable carrying capacity, 253, 
255 
table of, 355 
Alternating current, advantages 
of for Central Stations, 6 
conversion of, 9 
from direct current, 348 
wave form, 24 

why more dangerous than direct 
current, 162 
Alternating-current systems, cal- 
culating wire sizes for, 218 
definitions of, 47, 211 
equipment for, 12, 14 
for long transmission, 14 
for short transmission, 10 
generators for, 212 
phase difference in, 211 
single-phase, two or three-wire, 

168, 211 

two-phase, four-wire, 168, 212 
three-phase, three- or four-wire, 

169, 211 



Alternating current V8. direct 
current, respective advant- 
ages of, 23, 319 
Alternator, 186 

Ampere-turns, 31, 34, 48, 70, 74 
Angles of power factors, 82 
of power and reactive factors, 

129, 143 
table of, 354 
Anti-inductive circuit, 109, 142 
Apparent power, 80, 107, 210 

resistance, 60, 74 
Arcing, prevention of, 63, 73 
Armature windings in polyphase 
systems, relation of voltages 
in, 170 
Auto-starter, 286, 314 
Auto-transformer, 287, 291, 313 
for balancing three-wire sys- 
tems, 331 

B 

Back voltage, 60, 66, 72, 107 
relation to impressed voltage, 
139 
Balanced poljrphase system, defi- 
nition of, 212 
Balancer coil, 331 
Balancing a three-phase system, 
189 
a two-phase system, 172 
" Bank" of transformers, 171 
Bell, electric, single stroke, 22 
vibrating, 22 
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Bell-ringing transfonner, con- 
struction of, 19 
commercial, 21 
bell used with, 22 
voltage V8, number of turns, 67 



Calculation of wire sizes for dis- 
tributing systems, 218 
Carrying capacity, 233 
of conductors, 253 
of induction motors, 254 
of wires, table of, 355 
Central power stations, 1, 17 
advantages of alternating-cur- 
rent electricity for, 6, 17 
location of, 17 
why they are electrical, 17 
Centrifugal switch, 296, 307 
Change in current of coils, effect 

of, 36, 48 
Charging sets, converter for, 328 

mercury rectifier for, 335 
Circuit, anti-inductive, 109, 142 
condensive, 142 
inductive, 59, 72 
inductive, power in, 79, 107 
non-inductive, power in, 79, 107 
Circuit breaker, time limit, 283, 
314 
use of for protection, 253 
Circuits, pol3rphase, 168 
" Code '' wire size, 226 
Coiled V8, straight wire, effects on 
resistance and impedance, 59, 
73 
Coils, balancer, 331 
effect of change in current, 36, 

48 
high vs. low voltage (or tension) 
windings, 38, 44, 47 



Coils, how voltage is set iq> in, 
36,48 
induction, 37 

lines of force around, 31, 48 
magnetic field in, 28, 32, 48 
primary and secondary, 38, 47 
shading, 301, 315 
solenoid, field of, 33 
Combination of appliances, ccff- 
rent and voltage in, 113, lU 
power taken by, 113 
Compass, use of for determining 

poles of magnets, 26 
Compensating winding, 307, 315 
Compensator, starting, 286, 313 
Computation of power, current 
and voltage, 93, 98, 108, 132, 
143 
Condensers, synchronous, 262 
Condensive, 109 
circuit, 142 

reactance for adjustment of 
power factor, 164 
Conductors, carrying capacity of, 
253 
" skin effect" of large, 252 
Conduits for alternating-current 
circuits, 30, 48 
how to prevent heating of, 31, 
48 
Connection, delta (or mesh), 176 
delta-delta, 207 
diametrical three-phase, 326 
open-delta, 289 
star (or Y), 181 
star-delta, 291 
star-star, 207 

star vs. delta, difference in di- 
rection of voltages, 182 
Connections of transformers, 44 
in three-phoae systems^ 207 
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onstant current transformer. 12 
ontrol of direct current voltage 
of synchronous converters, 
327,349 
Jonverter substations, 8, 17 
lonverter, 9, 10, 348 
effect of field strength on, 327 
motor-generator, 319, 348 
synchronous (or rotary), 319, 

348 
voltage relations in single-phase, 

322 
in two-phase, 325 
in three-phase, 325 
Copper wire, table of resistance of, 

356 
Dore type transformer, 43 
!)orrection of power factor, 262 
!)urrent, and size of wire for in- 
duction motors, tables of, 
358, 359 
Xirrent and voltage relations in 
series and parallel circuits, 
113, 142 
Current, components of, 115, 142 
computing of, in transformers, 

69,73 
difference between rectifier and 

converter, 346 
effective v-alue of, 161, 164 
exciting, 69, 74 
indicated, 115, 142 
in line wires of three-phase 

system, 189 
in series and parallel circuits, 

117, 142, 143 
instantaneous value of, 161, 

164 
growing and dying of, 61, 73 
lagging, 294 
load, 69, 74 



Current, maximum, relation to 
effective, 160, 165 
of induction motor, 272 
relation to voltage and resist- 
ance, 54 
relation of line-to armature-, in 
delta- and star- connected 
three-phase generators, 186 
relations in three-phase, four- 
wire systems, 201 
rule for, in parallel combina- 
tions, 122, 144 
total, in three-phase systems, 21 2 
vector diagram of, 113, 142 
voltage and power, computa- 
tion of, 93, 98, 108, 132, 143 
" Cutting " wires by lines of force, 

36, 47, 60, 170 
Cycle and frequency, what is 
meapt by, 21, 47 

D 

Danger, in transformer connec- 
tions, precautions against, 46, 
48 
of alternating current, 162 
of sudden opening of inductive 
circuits, 64, 73 

Delta (or mesh) connection, 176 

Delta-delta connection, 207 

Delta vs. star connection, differ- 
ence in direction of voltages, 
182 

Delta voltages, 177 

Demand factor, 233, 254 

Demand factors for motor loads, 
table of, 360 

Diametrical three-phase connec- 
tion, 326 

Direct current, conversion to 
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Direct current V8. alternating cur- 
rent, respective advantages 
of, 319 
Direction, of current, how to de- 
termine, 30, 48 
of magnetic field, 30, 48 
of rotation of induction motors, 

276, 281, 299, 303, 314 
of voltage and current in three- 
wire, three-phase systems, 
191 
Distributing systems, calculating 

wire sizes for, 218 
Distributing transformers, 41 
core type, 43 
shell type, 42 

use of in typical single-phase 
and two-phase systems, 170, 
171 
Dobrowolsky generator, 332, 349 

I 

Dobrowolsky three-wire system, 
331 

E 

Effective power, 80, 209 

how to compute, 135, 143 
Effective values of current and 

voltage, 161, 164 
Efficiency of mercury-arc recti- 
fiers, 340 
of electrolytic rectifiers, 343 
Electric power, definition of, 47 
Electrolytic rectifier, 350 
for charging storage batteries, 
342 
Electromagnets, direction of cur- 
rent in, 34, 48 
impedance of, with and without 

core, 57, 58 
resistance of, with and without 
core, 57, 5^ 



Electromagnets, strength of, 48 
transformers are merely, 35 . 

Equivalent distance between con- 
ductors in three-wire systeins, 
table of, 360 

" Exciter " generator," 187 

Exciting current, 69, 74 

F 

Field-discharge switch, 63, 73 

Field, oscillating, 297 

Field strength, effect of on motors 

and converters, 327 
Field windings, " over-excited," 

262 
Flux, magnetic, 27, 48 
Frequency and cycle, what is 

meant by, 21, 47 
Frequency, effect of on impedance, 

158, 164 

how it affects reactance, 158, 
274 

Full-load current, 233 

Fuses, running, 314 
starting, 282, 313 
use of for protection, 253 

G 

* 

Generator, Dobrowolsky, 332, 349 

induction, 311 
Generators as motors and vice 
versa, 260, 311 
for polyphase systems, 212 
Graphical representation of power, 

81 
Grounded secondaries, 45 
Grounding of neutral, 207 
Growing and dying of currents, 61, 
7^ 
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J7 to prevent in alter- 
jurrent conduits, 31, 

D-C. series motor 
i on alternating cur- 
3uit, 309 
rmers, 71, 74 
153 
• of motors, 311 

of synchronous 
262 



54,72 

requency on, 158, 164 

I combinations, 155, 

ombinations, 152, 163 
> current and voltage, 

resistance and react- 
ilation between, 149, 

)s. resistance, 55, 56, 

voltage, relation to 

Itage, 139 

Trent, 115, 142 

25, 142 

65, 72 

.il, 37 

experiment to illus- 

l 

snerator, 311 

otor, repulsion, 306 

3e, 297 

,e, 277 

,263 

or, 294 



Induction motor, unity power 

factor, 307 
Induction motor, single-phase vs. 
two-phase, 172 
squirrel cage vs. woimd rotor 

type, 313 
why rotor revolves, 268, 312 
Induction motors, 101 
action of single-phase, 297 
action of three-phase, 277 
action of two-phase, 264 
characteristics of, 263, 312 
current carrying capacity of, 

254 
direction of rotation of three- 
phase, 281, 314 
direction of rotation of two- 
phase, 276 
effect of load on speed, 271, 312 
number of poles of, 264, 267, 281 
selection of size of, 275, 314 
speed of, 270, 312 
starting current of, 274, 312 
table of power factors of, 360 
Induction motors, poljrphase, ad- 
vantages and disadvantages 
of, 263, 312 
protective devices for, 314 
speed control of, 312 
Inductive circuit, 39, 72, 79 

vector diagram of, 93 
Inductive reactance, 59, 72 
for adjustment of power factor, 
164, 308 
In-phase component, 178, 179 
in star-connected three-phase 
generator, 183 
Instantaneous value of current 

and voltage, 161, 164 
Interrupter for induction coils, 37 
Interior wiring (jbabk^l^^ 22(\ 
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Inverse current in mercury-aro 
rectifiers, 338 



Lag and lead; 135, 142, 144 
Lagging, current, 294 
power factor, 93, 107 
reactive factor, 93, 107 
Lagging V8, leading power factor, 

262 
Lead and lag, 135, 142, 144 
Leading power factor, 101, 107 
Leading vs. lagging power factor, 

262 
" Legs " of magnetic circuit, 43 
Lenz*law, 64, 73 
Lines of force, around coils, 31, 48 
" cutting " of wires by magnetic, 

25,48 
Locking device on starters and 

controllers, 314 
Load current, 69, 74 
Load, pull-out, 275 



M 

Magnet, how to determine north 
and south pole of, 26 

Magnetizing force, 74 

Magnetic circuit, 42 

Magnetic field, '* cutting " of wires 
by, 170 
due to an electric current in a 

straight wire, 28 
effect of coiling wire, 28, 48 
effect of change in, 64, 72 
experiment to illustrate, 25 
how to find direction of, 30, 48 
lines of force, 25, 48 
of a bar magnet, 25 
of transformers, 69 
oscUl&tingf 297 



Magnetic field, reactance due to, 
59,72 
whirls are circles not spirals, 
29 

Magnetic field in coils, 28, 32, 48 

Magnetic flux, 27, 48 

Magnetic lines of force 

Magnetic strength, 48 

Maximum value current and volt- 
age, relation to effective 
values, 160, 165 ' 

Maximum voltage drop allowance* 
for loads which include lamps, 
table of, 357 

Measurement of power and power 
factor, 209 

Measurement of power in three- 
phase systems, 213 

Measurement of torque, 260, 311 

Measuring power, 79, 107 

Mains of three-wire three-phase 
system, current and voltage 
relations in, 191 

Mercury-arc converter, 9 

Mercury-arc rectifier, 350 
efl&ciency of, 340 
for charging storage batteries, 

335 
oscillogram on, 339 

Mesh (or delta) connection, 176 

Motors as generators and vice 
versa, 260, 311 

Motors, effect of field strength on, 
327 
horse power of, 311 

Motor-generator converter, 9, 
319, 348 

Motor-generator, inverted opera- 
tion, 348 

Motor loads, table of demand 
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N 

'N. E. C." (National Electric 

Code), 253 
Negative dip, 308 
Neutral, grounding of, 207 
voltage to, 247 

of three-wire systems, current 
in, 202 
*^eutral point, 248 
"Neutral wire, 46, 48 
^on-inductive circuit, 79, 107 
^orth pole of magnet, how to de- 
termine, 26 
^o-voltage release, 283, 314 

O 

)pen-delta connection, 289 
)8cillating magnetic field, 297 
)scillogram, on electrolytic recti- 
fier, 344 
on mercury-arc rectifier, 339 
on vibrating rectifier 
Over-excited " field windings, 
•262 
hrerload relay, 283, 314 
Out of step," synchronous 
motors, 262 



arallel circuits, current in, 117, 
144 

effect of change in voltage on 
power, 158 

voltage in, 127, 144 

arallel combinations, impedance 
of, 155, 164 

strallel conductors, to avoid skin 
effect, 255 

liase^ 135, 137, 144 

iiase component in series com- 
binations, 179 



Phase opposition, 178 
Phase relations, in three-phase 
systems, 211 
in two-phase systems, 212 
Phases, balancing of, in two-phase 

systems, 172 
Poles of a magnet, how to deter- 
mine, 26, 28 
Poljrphase circuits, 168 
Poljrphase generator, appearance 
and relative position of arma- 
ture coils, 189 
armatiure of, 188 
armature connections, 187 
construction of, 186 
exciter for, 187 
Polyphase induction motors, pro- 
tective devices for, 314 
Polyphase systems, definition of, 
168 
relation of voltages in two- 
phase four-wire and in three- 
phase two- and four-wire, 168, 
169 
total power in, 213 
Polyphase vs. single-phase motors, 

315 
Polyphase wattmeter, 213 
Power, advantages of electrical 
transmission, 4 
apparent, 80, 107, 210 
current and voltage for electri- 
cal transmission of, 6 
definition of electric, 39, 47 
effective, 80, 209 
graphical representation of, 81 
in a non-inductive circuit, 79, 

107 
measurement of, 79, 107, 209, 

213 
methods of transmitting^ ^ 
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Power, reactive, 85, 91, 107 

relation of voltage and current 
to, 39, 47 

relations between apparent, re- 
active and effective, three 
methods of solution, 87, 89, 
108 

total, in polyphase systems, 213 

true, 107 

vector diagram of, 82, 92, 107 

watt, unit of, 39, 47, 79 

where obtained from, 17 
Power component of current, 115, 

142 
Power computation, for two ap- 
pliances, 93, 98, 108 

with different power factor, 95 

with same power factor, less 
than unity, 94 

with imity power factor, 94 
Power, current and voltage, com- 
putation of, 93, 98, 108, 132, 
143 
Power factor, 79, 91, 107, 108, 210 

adjustment of, 164, 308 

angles, table of, 354 

correction of, 262 

lagging, 93, 107 

leading, 101, 107 

leading vs. lagging, 262 

measurement of, 209 

of combinations, 96, 108 

of direct-current series motor 
operated on alternating-cur- 
rent circuit, 309 

of parallel circuits, 144 

of parallel combinations, 157, 
164 

of series circuits, 143 

of series combinations, 151, 163 

of tbree-pbaae systems, 21^ 



Power factor of induction motoi^ 
272 
effect of load on, 273 
of starting current of, 274 
Power factors, table of, 354 
table of for induction motors, 
360 
Power stations, central, 1, 17 
Power transformers, 39 
Protective devices for polyphase 

induction motors, 314 
Pull-out load, 275 
Pull-out torque, 276, 314 
Pulsating current, 347 

Q 

Quadrature, 178 

Quadrature component, 178, 179 
in star-connected three-phase 
generators, 184 

Quantities having both magni- 
tude and direction, 92 

Quarter-phase, 168 



R 

Racing of motors, 308, 312 

Rated speed, 262 

Rating of transformers, 71, 74 

Ratio of alternating-current volt- 
age to directc-urrent voltage, 
in single-phase converters, 
322, 349 
in three-phase converters, 325, 

349 
in two-phase converters, 325, 
349 

Ratio of voltages in transformer, 
47 

Reactance, 59, 72, 151, 163 
drop, 7^ 
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Reactance, how affected by fre- 
quency, 158, 274 
inductive, 59, 72 
Reactance of wire lines, table of, 

357 
Reactance, resistance and im- 
pedance, relation between, 
149, 163 
Reactance vs. frequency, 274 
Reactive circuit, flywheel simile 

of, 85 
Reactive component, of current, 
115, 142 
of voltage, 125, 142 
Reactive factor, 85, 91, 108, 143, 
151, 163 
lagging, 93, 107 
Reactive factors, table of, 354 
Reactive power, 85, 91, 107 
how to determine, 87, 108 
Rectifier, 319, 348 
electrolytic, 342, 350 
mCTCury-arc, 335, 350 
vibrating, 343, 351 
Relay, overload, 283, 314 
Repulsion motor, 302, 315 
action of, 303 
applications of, 306 
characteristics of, 303 
direction of rotation of, 303 
torque of, 304 
Repulsion induction motor,306,315 
Repulsive force, 306 
Resistance, 151, 163, 314 
apparent, 60, 74 
in rotor windings of induction 

motors, 295 
in series with induction motors, 

293 
relation to current and voltage, 
64,73 



Resistance and reactance for 
starting three-phase motor 
on single-phase circuit, 301 

Resistance, impedance and re- 
actance, relation between, 
149, 163 

Resistance of copper wire, table of, 
356 

Resistance vs. impedance, 55, 56, 
74 

Reversing direction of rotation of 
induction motors, 276, 282, 
314 

Revolving field, 170, 187 
of induction motor, 264 
of synchronous motor, 261 

Rheostats, use of for induction 
motors, 314 

Rotary converter, 319, 348 

Rotor, 188 

of repulsion motor, 302 
squirrel-cage type, 263 

Rotor and stator, 261, 263, 311 

Running fuses, 314 

S 

Self-inductance, 65, 72 

Series circuits, current in, 117, 143 

voltage in, 127, 143 
Series combinations, phase com- 
ponent in, 179 
impedance of, 152, 163 
Series motor, direct current, for 
alternating-current circuitei, 
309, 315 
applications of, 310 
inferior operation features of, 

309 
remedy for, 310 
Service voltage of three-phase 
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Shading coils, 301, 315 
Shell-type transformer, 42 
Single-phase induction motors, 
starting of, by hand, 299, 314 
by shading coils, 301, 314 
by split phase, 299, 315 
by repulsion motor action, 306, 
315 
Single-phase synchronous con- 
verter, voltage relations in, 
322 
Single-phase system, 168, 211 
advantage of three-wire over 

two-wire, 255 
typical, 169 
Single-phase system, three-wire, 
relation of voltages in, 168 
voltage drop in, 232 
wire sizes for, 226 
Single-phase system, two-wire, 
voltage drop in, 220 
wire sizes for, 218 
Single-phase vs. polyphase motors, 

315 
Size of motors, selection of, 275, 314 
Size of wire and current, for three- 
phase induction motors, table 
of, 359 
for two-phase induction motors, 
table of, 358 
Skin effect of large conductors, 

252, 255 
Slip, negative, 308 
Slip of induction motor, 271, 275, 

313 
Solenoid coil, field of, 33 
South pole of magnet, how to 

determine, 26 
Sparking of direct-current series 
motor operated on alternat- 
ing-current circuit, 309 



Speed control of induction motois, 
296, 312 

Speed regulation, 296 

Split-phase, 299, 315 

Squirrel-cage rotor vs. wound rotor, 
313 

Star (or Y) connection, 181 

Star-delta connection, 291 

Star-delta switch, 313 

Star-star connection, 207 

Star V8. delta connection, diffe^ 
ence in direction of voltages, 
182 

Starter, auto-, 286, 314 

Starting compensator, 286, 313 

Starting devices for polyphase in- 
duction motors, 313 

Starting fuses for several motors 
on a single branch, 282, 286, 
313 

Starting switch for induction 
motors, 285 

Starting, of induction motors, 282, 
285, 289, 291, 293, 299, 313 
of wound rotor induction motor, 
295 

Stator, 188 

Stator and rotor, 261, 263, 311 

Step-up and step-down trans- 
former, 47 

Storage battery charging, by 
electrolytic rectifier, 342 
by mercury-arc rectifier, 335 
by vibrating rectifier, 345 

Substation, converter, 8, 17 
transformer, 7, 17 

Substations, location of, 17 
necessity for, 41 

Sum, vectorial vs, arithmetic, 118, 
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' of synchronous motors, 

111 

sm, 261 

»us condenser, 262 

►us converter, 10, 319, 

of direct-current volt- 

27 

[ operation, 348 

►us converter, voltage 

)ns in, single-phase, 322 

-phase, 325 

>hase, 325 

►us motor, 101, 109, 260, 

ig " of, 262 
step," 262 
', 262, 312 
g " of, 262, 311 
3ve power factor, 164 
>us motors, advantages 
disadvantages of, 262, 

>us speed, 270, 311 
ntrifugal, 296, 307 
or starting induction 
•s, 285 

ar-delta, 313 
prevent arcing, 63, 73 



allowable carrying ca- 
es of wires, 355 
nt and size of wire for 
phase induction motors, 

nt and size of wire for 
hase induction motors, 

and factors for motor 
360 



Table, of equivalent distance be- 
tween conductors in three- 
wire systems, 360 
of power factors and reactive 

factors, 354 
of power factors for induction 

motors, 360 
of reactance of wire lines, 357 
of resistance of copper wire, 356 
of values of maximum voltage 
drop allowance for loads 
which include lamps, 357 
Tandem arrangement of devices 

in series circuits, 117 
Terminal block for transformers, 

45 
Three-phase generator, line wires 
from, 176 
two kinds of connections in, 176 
voltage relations in, 177 
Three-phase induction motors, 
table of current and size of 
wires for, 359 
Three-phase motor on single- 
phase circuit, 301 
Three-phase synchronous conver- 
ter, voltage relations in, 325 
Three-phase system, balancing of, 
189 
current in Uve wires, 189 
voltage relations in, 182 
voltage relations armature 
windings, 173 
Three-phase four-wire systems, 
current in mains with loads 
of different power factor, 
204 
current in mains with loads of 

same power factor, 201 
current in neutral, 202 
current relationa in^ 2Q1 
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Three-phase four-wire systems, 
vector representation of cur- 
rent in, 203, 205 

voltage relations in, 200 
Three-phase three-wire systems, 
analysis of factors and rela- 
tions in, 189-200 

balancing of, 189 

calculating service voltage of, 
255 

components of current, 192, 193 

construction of current diagram, 
192, 193 

current conditions in mains, 
190, 196 

current in distributing lines, 
189, 190 

difference from three-wire single- 
phase, 181 

direction of current and voltage, 
191 

equivalent spacing of wires, 246 

in-phase component, 194 

load distribution, 190 

phase relations of voltages in 
mains, 190 

power at any power factor, 198, 
199 

power at unity power factor, 
197, 198 

power factor and reactive fac- 
tor, 194 

quadrature component, 194 

relation of total current to cur- 
rent in distributing groups, 196 

rule for voltages in, 181 

total current in one main, 195 

vector representation of voltage 
relations in mains, 190 

voltage drop in, 245 

wire sizes for, 240 



Three-phase three-wire sy 
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tween conductors iii, ta 

360 

Three-wire system, I 

wolsky's 331 
Thumb rule, to find directic 

magnetic field, 30, 48 
Time limit circuit breaker, 2\ 
Torque, 260, 311 
puU-out, 276, 314 
starting, of induction n 
264 
Transformers, applications 
polyphase systems, 172 
applications of in single 

systems, 170 
arrangement of coils in, 4 
computing current in, 69, 
connections of, 44, 45, 20 
constant current, 12 
distributing, 41, 42, 43 
effect of load on, 69, 74 
exciting current of, 69, 7( 
fundamental ideas, 19 
heating of, 71, 74 
how voltage is changed, ! 

66 
load current, 69, 74 
rating of, 71, 74 
step-down and step-up, 7, 
terminal block for, 45 
transil oil for, 43 
tub, 12 

use of for power transmis 
voltage in primary coils, 
voltage vs. number of tui 
when secondary coil d 
current, 68, 73 
Transformers are merely e 
TXid^etS) 35 




auto-, 287, 291, 
bell-ringing, 19, 

■ ooinmercial, 21 

■ construction of, 20 
Pransfomier substations, 7 

location of, 17 
necessity for, 41 
rransil oil, use of for transf ormera, 

43 
IVansiniBBion Unes, high voltage 
for long distance, 41 
service equipment tor, 12 
table of reactance of, 357 
rransmiaslon systems, long dis- 
tance, 18 
short distance, 17 
rransmiasiou of power, advant- 
ages of electrical, 4 
current nnd voltage for, 6 
True watt3, 107 
Pub transformer, 12 
["urna, number of, effect on volt- 
age, 66 
Two-phase induction motors, 
table of current and size of 
wire for, 358 
'wo-phaw synchronous conver- 
ter, voltage relations in. 
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deflnitioti of, 312 
effect of unbalancing, 172 
typical, 170 
wire sizes for, 240 
wo-wattmeter method for meas- 
uring power in three-phase 
L system, 209, 213 



Unbalancing two-phaae system, 

effect of, 172 
"Unity power factor" motor, 307 
characteristics of, 308 

V 

Vector, 92, 107 

Vector, of reactive voltage us. re- 
active vectors of power and 
oirrent, 124 . 
Vector analysis, of factors and 
relations in balanced three- 
phase three-wire system, 189- 
195 
Vector diagram, of current, 113 
142 
of impedance, 149 
of inductive circuit, 93 
of voltage, 123 

of voltages in three-phase gene- 
rator, 175 
Vector diagrams, 82, 92, 96, 97, 
102, 104, 107 
difference of, with leading and 

lagging power factor, 101 
direction of rotation, 93 



forn 
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similarity of, tor power ourrent 

and voltage, 132, 143 
Vector quantity, 92 
Vector representation, of current 

relations in three-phase sya- 

tem', 212 
Vector sum, 99, 104, 108 
Vectorial addition, 100, 104, 120 

144 
Vectors, lagging and leading, 93, 

107 
of voltage and current, irwA- 
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Vibrating rectifier, 343, 351 
Voltage, across a series combina- 
tion, 130, 143 
back, 60, 66, 72, 107, 139 
components of, 127, 128, 142 
effective value of, 161, 164 
how changed by a transformer, 

24,47 
how induced in a wire and how 

to find direction of, 27, 48 
how set up^n a coil, 36, 37, 48 
in quadrature, 178 
in series and parallel circuits, 

127, 143 
relation of Une to generator, 185 
relation of maximum to effec- 
tive, 161, 165 
relations in single-phase circuits, 

168 
relations in three-phase four- 
wire systems, 200 
two sets of, from one generator, 
201 
Voltage and current, relations in 
series and parallel circuits, 
113, 142 
Voltage, current and power, com- 
putation of, 93, 98, 108, 132, 
143 
Voltage drop, 233 
to neutral, 248 

vector representation of, 250, 
.254 
Voltage drop in distributing sys- 
tems, single-phase, 220, 232 
three-phase, 245 
Voltage drop in transmission lines, 

table of, 357 
Voltage drop, maximum allowable 
for loads which include lamps, 
table of, 357 



Volt-amperes, 107 
reactive, 143 

W 

Wagner unity power factor n 

operating characteristic 

307 
Watt, the imit of electric p< 

39, 47, 143 
Wattless component of cm 

115, 142 
Wattless component of vol 

127, 142 
Wattmeter, for measuring p< 

79, 107 
polyphase, 213 
Watts, true, 107 
Wave, alternating-current, 24 
Winding, compensating, 307, 
Wire, equivalent spacing o 

three-phase systems, 246 
Wire, table of carrying capac: 

355 
Wire sizes for distributing 

tems, 218 
single-phase three-wire, 22C 
single-phase two-wire, 218 
three-phase three-wire, 240 
two-phase three-wire, 240 
Wire sizes for interior wi 

253 
Wire sizes of short vs, long 

cuits, 255 
Wiring, interior, 220 
Wound rotor induction m< 

294, 313 
Wound rotor vs, squirrel-cag< 

duction motor, 313 
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A series of carefully, adapted texts tor use in technical, 
Ocational a,nd industrial schools. The subjects treated 
ill include Applied Science; Household and Agricultural^; 
Jhemistry; Electricity; Electrical Power and Machinery; 
pplied Mechanics; Drafting and Design; Steam; Gaa 

lines; Shop Practice; Applied Mathematics; Agriculture; 
!ousehoId Science, etc. 

The following texts are announced; others are being 
Ided rapidly: 

ELECTRICITY 

SE ELEUBNTS OF ELECTRIOIIT; For Tedmical Students. 
By W. H. TiuBiE, Hpa<J of Department of Applied Science, 
Wentworth Institute. xi+556 pages; 514 by S. 415 figures. 
Cloth, J2.00 net. 

SE ESSENTIALS OF ELECTBIOIIT; A Text-book for Wire- 
men and the Electrical Trades. By W. H. Timhie, Wentworth 
Institute. Flp.>Liblc covprs, pocket size, xiii+271 pages, 6 by 7^. 
224 figures. Cloth, 81.25 iiei. 

DNTINUOUS AND ALTERNATING OUBBENT UACHIN. 
EB.Y. By Froftssor J. 11, MoitECROFT, Colvimbia University, 
is + 41)(i paEi's, 5li by 8. 283 figures. Cloth, $1.75 nel. 

I CONTINUOUS AND ALTERNATING OUBBENT 
ERy PROBLEMS. By W. T. Ryan, E.E., Assistant 
of Electrical Engineering, the tJciveraity of Miniuswi^, 
5^ by 8. Cloth, 50 ceota net. 




ALTEOElNATINa GUBRENT ELEOTBIOITY AND ITS AFPIJ.| 
' CATION TO INDUSTBY. By W. H. Timbib, Head d[ 
Department of Applied Science, Wentworth Institute, and H. H.| 
HiGBiE, Professor of Electrical Engineering, University of Mich-i 
igan. First Coarse. x+534pages,5i by8. 389 figures. Cloth,: 
$2.00 net. 

Second Course, ix+729 pages. 5i by 8. 357 figures. Cloth 
$3.00 net. 

ELECTRIC LIQHTINa. By H. H. Higbib, Professor of Electrical! 
Engineering, University of Michigan. (In preparation.) 

ESSENTIALS OF ALTERNATING CURRENTS. By W. H. 

TiBiBiE and H. H. Hiubie. (In Press, Readyy Fall. 1918.) 

HEAT AND HEAT ENGINEERING 

HEAT; A Text-book for Technical and Industrial Students. By 

J. A. Randall, Instructor in Mechanics and Heat, Pratt Institute. 
xiv+331 pages, -5}^ by 8. 80 figures. Cloth, $1.50 net. 

OAS POWER. By C. F. Hirshfeld, Professor of Power Engineering, 
Sibley College, Cornell University, and T. C. Ulbricht, formerly 
Instructor, Department of Power Engineering, Cornell University. 
viii+198 pages, oJi by 8. 60 figures. Cloth, $1.25 net. 

STEAM POWER. By C. F. Hirshfeld, Formerly Professor of Power ' 
Engineering, Sibley College, Cornell University, and T. C. 
Ulbricht, formerly Instructor, Department of Power Engineering.' 
Cornell University. viiiH-419 pages, 5 Ji by 8. 228 Figures'.: 
Cloth, $2.00 net. ! 

HEAT AND LIGHT I& THE HOUSEHOLD. By W. G. Whitman, 
State Normal School, Salem, Mass. (In preparation.) 

MECJIANICS AND MATHEMATICS 

ELEMENTARY PRACTICAL MECHANICS. By J. M. Jame&on, 
Girard College, formerly of Pratt Institute, xii+321 pages, 5 by ! . 
7}4. 212 figures. Cloth, $1.50 ne«j 

MATHEMATICS FOR MACHINISTS. By R. W. Burnham, jj 

Instructor in Machine Work, Pratt Institute Evening School. ' 
vii+229 pages, 5 by 7. 175 figures. Cloth, $1.25 net. 

JPRACTICAL SHOP MECHANICS AND MATHEMATICS. 

By James F. Johnson, S\ipex\ii\«ii^eii\. ol \^>[i^^\.^\.^'YT?»^^'Si^^V 
Bridgeport, Conn, yUi+iaO paft€», ^Vi^*^ %V^«:a^, ^Vi^ 



MPJCIPLES OF MSCHANISU. By WaltehH. James, Assistant 
^KPrafeaaor of Mechanical Engineering Drawing, Massachusetts 
Blnstitute of Technology, and_MAt-coLM C. MACKENzra, Instructor 
Fin Mevhanioal Engineering, Massachusetts Institute of Tech- 
nology. v+241 piiges, 514 by 7K- 244 figures. Cloth, S1.50m/. 
kRTTHWKTTQ POa OABFENTERS AND BOILBEBS. By 
R. BuBDETTE Dale, formerly Director in charge of Vocational 
Courses in Engineering and Correspondence Inatruction. Iowa State 
y CoUege. ix-f 231 pages, 5 by 7. 109 figures. Cloth, S1.25 net. 

SHOP TEXTS 

4ACH1NE SHOP PRACTICE. By W. J. Kaup, Special Repre- 
sentative, Crucible Steei Corflpaiiy ot America, ii+227 pagea, 
bH by 8. 163 figures. Cloth, $1.2o net. 

•ATIERN HAEINO. By FRBDBRiCK W. Tubkes and Danibl 

G. Town, Mechanic Arta High School, BoatoQ. t+114 Pages, 

5 by 7. 88 figures. Cloth, Sl-OO nef. 
■LAIN AND ORNA&IENTAL FOBQINQ. By Ernst Scbwarz- 
|t KOPF. Instructor at Stuyvesant High School, New York City. 
k x+267 pages, 534 by S. Over 400 figures. Cloth, 81.50 net. 

DRAFTINC; AND DESIGN 

>£100RATIT£ design. A Text-Book of Practical Uethods. 
I By Joseph Cumminos Chase, Instructor in Decor.itive Doaign at 
■ theCoUegeof tiieCityof New York and at Cooper Union Woman's 
m Art School, vi+73 pagea. S by 10?^. 340 figures. Cloth, 
r 11.50 Tiet. 

LGBICDLTURAL DRAFTING. By CaAm-Ea B. Howe, M.E. 

viii+ti:) pages, 8 by 10*.,^. 45 figures, 29 plates- Cloth, J1.25 ntl. 

LROHITECTURAL DRAFTING. By A. B. Grbenbebq, Stuy- 
vesant Technical High School, New York, and Chahlbs B. Howe, 
Bushwick Evening High School, Brooklyn. viii + 110 pagea, 
8 by lOJi. 53 figures, 12 jdates. Cloth, 81.50 nel. 

ttECHANICAL DrJiFTING. By Ca^HVKa l-.. \\Q-«re., >f,\S.., 
}Sushwick Evening High S(^Uoo\, BtooW^n. " ^ 



ENQINEEBING DRAFTIlfG. By Charles B. Howe, M.E. 
Bushwick Evening High School. Brooklyn, and Samuel J. 'Berard, 
Sheffield Scientific School, Yale University. (In preparation.) 

DRAWING FOB BUILDEBS. By R. Burdette Dale, Director 
of Vocational CJourse, Iowa State College, v+166 pages, 8 by 
10^. 69 figures, 50 plates. Cloth, $1.50 net. 



AGRICULTURE AND HORTICULTURE 

FIELD AND LABOBATOBY STUDIES OF SOII^. By Pro- 
fessor A. G. McCall, Ohio Slate University, yiii+77 pages, 
5 by 7. 32 figures. Cloth, 60 cents net. 

FIELD *AND LABOBATOBY STUDIES OF GBOPS. By Pro- 
fessor A. G. McCall, Ohio State University, viii+133 pages, 

5 by 7. 54 figures. Cloth, 85 cents net. 

SOILS. By Professor A. G. McCall, Ohio State University. (In 
preparation.) 

MABKET GABDENING. By Professor F. L. Yeaw, Oasis Farm 

6 Orchard Company, Roswell, New Mexico. Formerly Professor 
of Market Gardening, Massachusetts Agricultural College. vi+ 
120 pages, 5 by 7. 36 figures. Cloth, 75 cents ne^ 

THE CHEMISTBY OF FABM PBACTICE. By T. E. Keitt, 
Chemist of South Carolina Experiment Station, and Professor of 
of Soils, Clemson Agricultural College, xii+253 pages, 53^ by 8. 
81 figures. Cloth, $1.25 net. 

STUDIES OF TBEES. By J. J. Levison, Formerly Forestei^, Park 
Department, Brooklyn, N. Y. x-}-253 pages, 5Ji by 8. 156 
half-tone illustrations. Cloth, $1.60 net. 

AGBICULTUBAL DBAFTING. By Charles B. Howe, M.E. 
46 pages, 8 by lOM- 45 figures, 22 plates. Cloth, $1.25 net. 

SCHOOL ENTOMOLOGY. For Secondary Schools and Agri- 
cultural Short Courses. By E.. I>^\QiB:f Sastoerson, Formerly 
Dean, College of Agriculture, \Sf est \Vi^ma.^i^N^^\>'^,?^xA\^.\^, 
Peairs, Professor of Entomology ,^^^^NVT^x5:^\imN^T^r 
356 pages, 6 by 9. 233 fiigMres. C\o\\i. %\.^ ^- 






BIOLOGY 

LABORATORY MANUAL IN GENERAL MICROBIOLOGY. 

Prepared by the Laboratory of Bacteriology, Hygiene and Path- 
ology. Michigan Agricultural College, xvi+418 pages, 5J by 8. 
'73 figures. Several tables and charts. Cloth, $2.50 net. 

COSTUME DESIGNING 

COSTUME DESIGN AND ILLUSTRATION. By Ethel H. 

Traphagen, Instructor and Lecturer at Cooper Union, The New 
York Evening School of Industrial Art, etc. 149 pages, 8 by 
10^. Upwards of 200 illustrations, including several in color, 
and a color spectrum chart. Cloth, $2.50 net. 

PRINTING 

PRINTING. A Textbook for Printers' Apprentices, Continuation 
Classes and for General Use in Schools. By Frank S. Henry, 
Instructor in Printing, Philadelphia Trades School, ix +318 pages . 
153 figures. 5}^ by 7^. Cloth, $1.25 net. 

DOMESTIC SCIENCE 

FOOD: ITS COMPOSITION AND PREPARATION. A Text- 
book tor Classes in Household Science. By Mart D. Dowd 
and Jean D. Jameson, Teachers in Household Science, Washington 
Irving High School, New York City, vii+173 pages, 5)^ by 8. 
42 figures. Cloth, $1.25 net. 



THE LOOSE LEAF LABORATORY MANUAL 



A series of carefully selected exercises to accompany the texts 
of the Series, covering every subject in which laboratory or field 
work may be given. Each exercise is complete in itself, and is 
printed separately. 8 by 10}. 



Important NoHee 
WILEY LOOSELEAF MANUALS 

The sale of separate sheets of the Laboratory Manwds of ihe WUey 
Technical Series has been discontinued. These Manuals rmllf here- 
after ^ he sold only as a complete hook with removal leaves. Descriptive 
liierature wUl he sent on request, 

CHEMISTRY 

Exercises in General Chemistry. By Chables M. Allen, 
Head of Department of Chemistry, Pratt Institute. An 
introductory course in Applied Chemistry, covering a year's 
laboratory work on the acid-forming and metallic elements and 
compounds. 62 pages, 8 by 10)^. 61 exercises. 
Complete in paper cover. Removal leaves. $1.00 neL 

Quantitative Chemical Analysis. By Charles M. Allen, Head 
of Department of Chemistry, Pratt Institute. 12 pamphlets. 
8 by 10}/^. Complete in paper cover. Removal leaves. $i. 00 net. 

Qualitative Chemical Analysis. By C. E. Bivins, Instructor in 
Quahtative Analysis, Pratt Institute. 11 pamphlets, supple- 
mented by Work Sheets by which the student is taught equa- 
tions and cheiQical processes. Complete with work sheets in 
paper cover. Removal leaves. • $1.25 net. 

Technical Chemical Analysis. By R. H. H. Aungst, Instructor 
in Technical Chemistry, Pratt Institute. 19 pamphlets. 8 by 
lOJ^. Complete. Removal leaves. $1.00 net. 

JEzercises in InduBtrial GheimAtT^. ^^ T>t. kLA:^^^ ^<^^sk2&^ 
Instructor in Qualitative AsxaX^ftia,Yx»X.\. ^ ^^^\fc. VJ^-n. •vK«\r 



